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PREFACE 


In 1917 the University pf Chicago Press published a 
small volume entitled The Electron which was intended to 
be a rather simple presentation of some of the newer de- 
velopments in physics with which my own work had been 
closely associated. In 1924 a revised edition of this work 
appeared. A few years later I had the honor of giving 
“'Ihe Messenger Lectures” at Cornell University and in 
them still further expanded and brought up to date these 
“newer developments.” 

The present volume grows immediately out of these 
Messenger Lectures, but is, of course, an attempt to make 
the presentation as true a picture as I am able to give of 
the situation as it exists at the date of publication, Janu- 
ary I, 1935 - 

In a sense this work may be looked upon as a third re- 
vision of The Electron, but it differs from most revisions 
in two particulars. First, an effort has been made at the 
request of the publishers to introduce into The Electron 
portion only such changes as are demanded by correct- 
ness of presentation today, and in fact I have been pleased 
and somewhat surprised to find that the historical mode 
of presentation originally adopted has rendered radical 
changes even today both unnecessary and undesirable. 
Second, the growth of discovery and the rapidity of the 
advance in physics from the base occupied in 1924 has 
made it altogether necessary to add six entirdy new chap- 
ters (xi to xvi) on “Waves and Particles,” on “The Dis- 



'ccfveay and'Orifelli'of the'Cosmic Rays,” on “ The Spin 
ning Electr&Rj^on “The Positron,” on “’ITie Xcutron and 
the Transihofation of the Elements.” and on ”'nic Xa 
ture of the Cosmic Rays,” so that in this ji.artii ular the 
book is not at all a revision. ITie illust rativc mat crial. too 
has been much more than doubled, and now liceomo 
quite a notable feature. 

It is hoped that this volume, like its predecessors, may 
be of some interest both to the physicist and to the reader 
of somewhat less technical training. It has been thought 
desirable for the sake of both classes of readers not In 
break the thread of the discussion in the body of the book 
with the detailed analyses that the careful student de- 
mands. It is for this reason that all mathematical proofs 
have been thrown into appendixes. If, in spite of this, 
the general student finds that certun chapters, such as 
vii, viii, and aii, require more familiarity with the general 
background of physics than he possesses, it is still ho{}ed 
that without them he may yet gain some idea of certain 
phases, at least of the fascinating progress of modem 
science. 

Robert A. Millikan 

Camfornia iNsxmrrE op Tkcsdmolooy 
Pasadena, Caupornia 
December x, 1934 



PREFACE TO SECOND EDITION 


Again the University of Chicago Press has called for 
a reprinting of this volume, but neither the Press nor I 
could tolerate a reprinting without an attempt to bring 
it up to date through full discussion of the extraordinary 
advances of the last twelve years. Believing profoundly 
in the historical approach both in science and in its teach- 
ing, I have made no changes in the first 400 pages save 
those necessitated by new knowledge, mostly in the 
values of units, but have replaced the last 50 pages by 
200 pages of entirely new material under the five new 
chapter headings (xvi-xx) : “The Release and Utilization 
of Nuclear Energy,” “Geomagnetic Studies on Cosmic 
Rays at Low Altitudes,” “The Discovery and the Signifi- 
cance of the Mesotron,” “The Nature and Number of the 
Incoming Primary Rays,” and “The Atom-Annihilation 
Hypothesis as to the Origin of Gosmic Rays.” 

I wish to express my great indebtedness to the 
Cambridge University Press and the Macmillan Com- 
pany for permitting me to quote freely from their little 
book entitled “Cosmic Rays — ^Three Lectures” under my 
authorship in 1939. I am also under great indebtedness 
to my colleagues, I. S. Bowen, Carl D. Anderson, H. Victor 
Nehcr, William H. Pickering, Charles C. Lauritsen, Paul 
5. Epstein, William A. Fowler, and Robert F. Christy for 
proofreading and for many discussions with them over such 
parts of this whole new nuclear field to which they haive 
been such large contributors during the last fifteen years, 
and without whose work such contributions as I may 
have myself made would have been quite impossible. 

Robert A. Millikan 

n 

NoRMtAK BRI0C.E LABORATORY OR PHYSICS 
Pasapena, California 
September x, 1946 
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INTRODUCTION 


Perhaps it is merely a coincidence that the man who 
first noticed that the rubbing of amber would induce 
in it a new and remarkable state now known as the 
state of electrijication was also the man who first gave 
expression to the conviction that there must be some 
great unifying principle which links together all phe- 
nomena and is capable of making them rationally intel- 
ligible; that behind all the apparent variety and change 
of things there is some primordial element, out of which 
all things are made and the search for which must be 
the ultimate aim of all natural science. Yet if this be 
merely a coincidence, at any rate to Thales of Miletus 
must belong a double honor. For he first correctly 
conceived and correctly stated, as far back as 600 b.c., 
the spirit which has actually guided the development 
of physics in all ages, and he also first described, though 
In a crude and imperfect way, the very phenomenon the 
study of which has already linked together several of 
the erstwhile isolated departments of physics, such as 
radiwrt heat, light, magnetism, and electricity, and 
has very recently brought us nearer to the primordial 
element tlian we have ever been before. 

Whether this perpetual effort to reduce the com- 
plexities of the world to simpler terms, and to build up 
the infimte variety of objects which present themselves 
to our senses out of different arrangements or motions of 
the least possible number of elementary substances, is a 
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modem heritage from Greek thought, or whether it is a 
native instinct of the human mind may he left for the 
philosopher and tlie historian to determine, rerlain it 
is, however, that tlie greatest of tlic Greeks aimoi at 
nothing less than the complete banishment of r.ipriee 
from nature and the ultimate reduction of all her pm 
cesses to a rationally intelligible and unified s\*stcm. 
And certain it is also that tlie pferiods of greatest |»rogrc!s.s 
in the history of physics have been the periods in which 
this effort has been most active and most successful. 

Thus the first half of tlie nineteenth century is 
unquestionably a period of extraordinary fruitfulness. 
It is at the same time a period in which for the first time 
men, under Dalton’s lead, began to get direct, expert* 
mental, quantitative proof that the atomic world which 
the Greeks had bequeathed to us, the world of Leudppus 
and Democritus and Lucretius, consisting as it did of m 
infinite number and variety of atoms, was far more com- 
plex than it needed to be, and that by introducing the 
idea of molecules built up out of different combinations 
and groupings of atoms the number of necessary elements 
could be reduced to but about seventy. The importance 
of this step is borne witness to by the fact that out of it 
sprang in a very few years the whole sdence of mo«lem 
chemistry. 

And now this twentieth century, though Itul forty- 
six years old, has already attempted to take a still bigger 
and more significant step. By superposing upon the 
molecular and the atomic worlds of the nineteenth cen- 
tury a third electronic world, it has sought to redutx the 
number of primordial elements to not more than two, 
namely, positive ai^d negative electrical charges. Alimg 
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with this effort has come the present period of most 
extraordinary development and fertility— a period in 
which new viewpoints and indeed wholly new phenomena 
follow one another so rapidly across the stage of physics 
that the actors tliemselves scarcely know what is happen- 
ing —a period too in which the commercial and industrial 
world is adopting and adapting to its own uses with a 
rapidity hitlierto altogether unparalleled the latest prod- 
ucts of the laboratory of the physicist and the chemist. 
As a consequence, the results of yesterday’s researches, 
designed for no other purpose than to add a little more 
to our knowledge of the ultimate structure of matter, are 
today seized upon by the practical business world and 
made to multiply tenfold the effectiveness of the tele- 
phone or to extract six times as much light as was 
formerly obtained from a given amount of electric power. 

It is then not merely a matter of academic interest 
that electricity has been proved to be atomic or granular 
in structure, that the elementary electrical charge has 
been isolated and accurately measured, and that it has 
been found to enter as a constitutent into the making of 
all the ninety-two atoms of chemistry. These are 
indeed matters of fundamental and absorbing interest to 
the man who is seeking to unveil nature’s inmost secrets, 
but they are also events which are pregnant with mean- 
ing for the man of commerce and for the worker in the 
factory. For it usually happens that when nature’s 
inner workings have once been laid bare, man sooner or 
later Ends a way to put his brains inside the machine and 
to drive it whither he wills. Every increase in man’s 
knowledge of the way in which nature works must, in 
the long run, increase by just so much man’s ability to 
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control nature and to turn her hidden forces to his own 
account. 

The purpose of this volume is to present the evi»icnrc 
for the atomic structure of electricity, to describe wme 
of the most signifiaint properties of the elementary elec- 
trical unit, tlie electron, and to discuss Ujc Ijcaring of 
these properties upon the two most important problems 
of modern physics: the structure of the atom and the 
nature of electromagnetic radiation. In this prescnLi- 
tion I shall not shun the discussion of exact quantitative 
experiments, for it is only upon such a basis, as Pythogo 
ras asserted more than two thousand years ago, that any 
real scientific treatment of physical phenomena is pns 
sible. Indeed, from the point of view of Uiat andeni 
philosopher, the problem of all natural philosophy ia to 
drive out qualitative conceptions and to replace them by 
quantitative relations. And this point of view has been 
emphasized by the farseeing throughout all the history of 
physics clear down to the present. One of the greatest 
of modern physidsts, Lord Kelvin, writes: 

When you can measure what you are ipeakina about and 
express it in numbers, you know something about ii. and when 
you cannot measure it, when you cannot expreu it in nunben. 
your knowledge is of a meagre and unsatisfactory Und. It may 
be the beginning of knowledge, but you have scarcely in your 
thought advanced to the stage of a science. 

Although my purpose is to deal mostly with the 
researches of which I have had most direct and intimate 
knowledge, namely, those which have been carried on dur- 
ing the past thirty years in this general field, first in the 
Ryerson Laboratory at the University of Chicago, and 
later at the Norman Bridge Laboratory of Phydes at 
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the Califonaia Institute at Pasadena, I shall hope to be 
able to give a correct and just review of the preceding 
work out of which these researches grew, as well as of 
parallel work carried on in other laboratories. In popu- 
lar writing it seems to be necessary to link every great 
discovery, every new theory, every important principle, 
with the name of a single individual. But it is an almost 
universal rule that developments in physics actually 
come about in a very different way. A science, like a 
plant, grows in the main by a process of infinitesimal 
accretion. Each research is usually a modification of a 
preceding one; each new theory is built like a catliedral 
through the addition by many builders of many different 
elements. This is pre-eminently true of the electron 
theory. It has been a growth, and I shall endeavor in 
every case to trace the pedigree of each research con- 
nected with it. 



CHAPTER I 

EARLY VIEWS OF ELECTRICITY 

I. GROWTH OR THE ATOMIC THEORY OR MATTER 

TJiere is an interesting and instructive {mrallrliMi) 
between the histories of the atomic conception of matter 
and the atomic theory of electricity, for in both cases the 
ideas themselves go back to the very beginnings of the 
subject. In both cases too these ideas remained abso- 
lutely sterile until the dcvelopmMit of precise quantita- 
tive methods of measurement touched tJjem and gave 
them fecundity. It took two thousand years for this 
to happen in the case of the theory of matter and one 
hundred and fifty years for it to happen in the case of 
electricity; and no sooner had it happened in the case of 
both than the two domains hitherto thought of u dis- 
tinct began to move together and to appear as 
but different aspects of one and the same phenomenon, 
thus recalling again Thales’ ancient belief in the essential 
umty of nature. How this attempt at union has come 
about can best be seen by a brief review of the histories 
of the two ideas. 

'pie conception of a world made up of atoms which 
are in incessant motion was almost as dearly developed 
in the n^ds of the Greek philosophen of the School of 
Democritus {420 B.C.), Epicurus (370 B.C.), and Lucr»> 
tius (Roman, 50 B.c.) as it is in the mind of the modern 
physicist, but the idea had its roots in one In a men 
^leculathre philosophy; In the other caae, Uke " rm t of 

6 
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our twentieth-century knowledge, it rests upon direct, 
exact, quantitative observations and measurement. Not 
that the human eye has ever seen or indeed can ever see 
an individual atom or molecule. This is forever impos- 
sible, and for the simple reason that the limitations on our 
ability to see small objects are imposed, not by the imper- 
fections of our instruments, but by the nature of the eye 
itself, or by the nature of the light-wave to which the 
eye is sensitive. If we are to see molecules our biological 
friends must develop wholly new types of eyes, viz., 
eyes which are sensitive to waves one thousand times 
shorter than those to which our present optic nerves can 
respond. 

But after all, the evidence of our eyes is about the 
least reliable kind of evidence which we have. We are 
continually seeing things which do not exist, even though 
our habits are unimpeachable. It is the relations which 
are seen by the mind’s eye to be the logical consequences 
of exact measurement which are for the most part 
dependable. So far as the atomic theory of matter is 
concerned, these relations have all been developed since 
1800, so that both the modem atomic and the modem 
kinetic theories of matter, in spite of their great an- 
tiquity, are in a sense less than one hundred years old. 
Indeed, nearly all of our definite knowledge about mole- 
cules and atoms has come since 1851, when Joule* in 
England made the first absolute determination of a 
molecular magnitude, namely, the average q)eed with 
which gaseous molecules of a given kind are darting 
hither and thither at ordinary temperatures. This 

• Mm. */ th* UtmekuHr IM. ml JPW. See. (1851; ad aedet), 107; 
m.Jra|., XIV (1857), 
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result was as surprising as many others which have 
followed in the field of molecular physics, for it showni 
that this speed, in the case of the hydrogen molecule, has 
the stupendous value of about a mile a second. The 
second molecular magnitude to be found was the mean 
distance a molecule of a gas moves between collisions, 
technically called the mean free path of a molecule. 
This was computed first in i860 by Clerk Maxwell.' It 
was also i860 before anyone had succccdcii in making any 
sort of an estimate of the number of molecules in a cubic 
centimeter of a gas. When we reflect Uiat we can now 
count this number with probably greater precision than 
we can attain in determining the number of people living 
in New York, in spite of the fact that It has the huge 
value of 27.37 billion billion, one gains some idea of how 
great has been our progress in mastering some at least 
of the secrets of the molecular and atomic worldt. The 
wonder is that we got at it so late. Nothing Is more sur> 
prising to the student brought up in the atmoi^ihefe of 
the scientific thouj^t of the present than the fact that the 
relatively complex and intricate phenomena of Ught and 
electromagnetism had been built together into moder- 
ately consistent and satisfactory theories lot^{ before the 
much simpler phenomena of heat and molecular physics 
had begun to be correctly understood. And yet almost 
all the qualitative conceptions of the atomic and kinetic 
theories were developed thousands of years ago. Tyn- 
dall’s statement of the principles of Democritus, whom 
Bacon considered to be "a man of mightier metal than 

> Pkil. Mat; XIX (1860; 4th Mriet), tS. Clualus bad lliiniiiirt 
some of the relations of this quantity In 1858 Am., CV (iSsSL 
339}, but Maxw^'s magnificent woefc m tlw vlsaw l ty of pno £it 
midt possible Its evaiualira. 
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Plato or Aristotle, though their philosophy was noised and 
celebrated in tlie schools amid the din and pomp of pro- 
fessors,” will show how complete an atomic philosophy 
had arisen 400 years B.c. “That it was entirely de- 
stroyed later Wius not so much due to the attacks upon 
it of the idealistic school, whose cliief representatives were 
Plato and Aristotle, as to the attacks upon all dvilizla- 
tion of Genseric, Attila, and the barbarians.” That the 
Aristotelian philosophy lasted throughout this period is 
explained by Bacon thus: “At a time when all human 
learning h:id suffered shipwreck these planks of Aris- 
totelisun and Platonic philosophy, as being of a lighter 
and more inflated substance, were preserved and came 
down to us, while things more solid sank and almost 
passed into oblivion.” 

Democritus’ principles, as quoted by Tyndall, are as 
follows: 

t. From nothing comes nothing. Nothing that exists can be 
destroyed. All changes are due to the combination and separation 
of molecules. 

а. Nothing happens by chance. Every occurrence has its 
cause from which it follows by necessity. 

3. The only existing things are the atoms and empty space; 

all else is mere opinion. _ 

4. The atoms are infinite in number and infinitely vanous in 

form; they strUte together and the lateral motions and whirlings 
which thus arise are the beginnings of worlds. ^ 

5. The varieties of all things depend upon the varieties of 
their atonu, in number, size, and aggregation. 

б. The soul consists of fine, smooth, round atoms like those 
of fire. These are the most mobile of all. They interpenetrate 
the whole body and in their motions the phenomena of life arise. 

These principles with a few modifications and omis- 
sions might almost pass muster today. The great 
advance which has been made in modem times is not so 
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much in the conceptions themselves as in the kind of 
foundation upon which the conceptions rest. The prin- 
ciples enumerated above were simply the opinions of one 
man or of a school of men. There were scores of other 
rival opinions, and no one could say whidi was the belter. 
Today there is absolutely no philosophy in the field otlicr 
than the atomic philosophy, at least among physicists. 
Yet tliis statement could not have been made even as 
much as thirty years ago. For in spiteof all the mtiliiple 
relationships between combining powers of the elements, 
and in spite of all the other evidences of chemistry and 
nineteenth-century physics, a group of the foremost of 
modern thinkers, until quite recently, withheld their 
allegiance from these theories. The most distinguished 
of this group was the German chemist and philosopher, 
Wilhelm Ostwald. However, in the preface to the last 
edition of his Outlines of Chemistry he now mokes Uie 
following dear and frank avowal of his changed posiUon. 
He says: 

I am now convinced that ire have recently become p esswi eJ 
of eqienmental evidence of the discrete or grained naturs of 
matter for which the atomic hypothesis sought in vain for Iran- 
dreds and thousands of years. The isolation and oouaUag of 
gaseous ions on the one hand .... and on the other Um agree- 
ment of the Brownian movements with the requiremenu of the 
kbetic hypothesis .... justify the most cautious sdeoUit in 
now ^peaking of the experimental proof of the atomic theoiy of 
matter. The atomic hypothesis it thus nUsed to the poaltloo of 
a scientifically well-founded theoiy. 

n. osowTH or electsical tbeouss 

The granular theory of electridty, while uidike tbs 
atomic and kinetic theories of matter in that it can boast 
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no great antiquity in any form, is like them in that the 
first man who speculated upon the nature of electricity at 
all conceived of it as having an atomic structure. Yet it 
is only within very recent years — fifty at the most — 
that the modern electron theory has been developed. 
There are no electrical theories of any kind which go 
back of Benjamin Franklin (1750). Aside from the dis- 
covery of the Greeks that rubbed amber had the power 
of attracting to itself light objects, there was no knowl- 
edge at all earlier than i6oo a.d., when Gilbert, Queen 
Elizabeth’s surgeon, and a scientist of great genius and 
insight, found that a glass rod and some twenty other 
bodies, when rubbed with silk, act like the rubbed amber 
of the Greeks, and he consequently decided to describe 
the phenomenon by saying that the glass rod had become 
electrified (amberized, electron being the Greek word for 
amber), or, as we now say, had acquired a charge of 
electricity. In 1733 Dufay, a French physicist, further 
found that sealing wax, when rubbed with cat’s fur, was 
also electrified, but that it differed from the electrified 
glass rod, in that it strongly attracted any electrified body 
which was repelled by the glass, while it repelled any 
electrified body which was attracted by the glass. He 
was thus led to recognize two kinds of electricity, which 
he termed “vitreous” and “resinous.” About 1747 
Benjamin Franklin, also recognizing these two kjnds of 
dectrification, introduced the terms “positive” and 
“ n^ative,” to distinguish them. Thus, he said, we will 
arbitrarily call any body poatively electrified if it is 
repelled by a glass rod whi(± has been rubbed with sffk, 
and we will call any body negatively electrified if it is 
repelled by sealing wax wMdix has bem rubbed with cat’s 
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fur. These are today our definitions of positive and nega- 
tive electrical charges. Notice that in setting them up we 
propose no theory whatever of electrification, but con- 
tent ourselves simply with describing the [ihenonicna. 

In the next place it was surmised by Franklin and 
indeed asserted by him in the very use of the terms 
“positive” and “negative,” although the accurate proof 
of the relation was not made until the time of Faraday's 
ice-pail experiment in 1837, that when glass is positively 
electrified by rubbing it with silk, the silk itself takes up 
a negative charge of exactly the same amount as the 
positive charge received by the glass, and, in general, 
that positive and negative electrical charges always appear 
simultaneously and in exactly equal amounts. 

So far, still no theory. But in order to have a 
rational explanation of the phenomena so far considered, 
particularly this last one, Franklin now made the assump- 
tion that something which he chose to call the electrical 
fluid or “ electrical fire ” exists in normal amount as a con- 
stituent of all matter in the neutral, or unelectrified state, 
and that more than the normal amount in any body is 
manifested as a positive electrical charge, and less than 
the normal amount as a negative charge. Aepinus, pro- 
fessor of physics at St. Petersburg and an admirer of 
Franklin’s theory, pointed out that. In order to account 
for the repulsion of two negatively electrified bodies, it 
was necessary to assume that matter, when divorced from 
Franklin’s electrical fluid, was self-repellent, i.e., that it 
possessed properties quite different from Uiose which are 
found in ordinary unelectrified matter. In order, how- 
ever, to leave matter, whose independent existence was 
thus threatened, endowed with its familiar oW properties. 
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and in order to get electrical phenomena into a class by 
themselves, other physicists of the day, led by Symmer, 
1759, preferred to assume that matter in a neutral state 
shows no deciricai properties because it contains as con- 
stiiumts equal amounts of two weightless fluids which they 
called positive and negative electricity, respectively. From 
this point of view a positively charged body is one in 
which there is more of the positive fluid than of the nega- 
tive, and a negatively charged body is one in which the 
negative fluid is in excess. 

Thus arose the so-called two-fluid theory — a theory 
which divorced again the notions of electricity and mat- 
ter after Franklin had taken a step toward bringing them 
together. This theory, in spite of its intrinsic difficulties, 
dominated the development of electrical science for one 
hundred years and more. This was because, if one did 
not bother himself much with the underlying physical 
conception, the theory lent itself admirably to the 
description of electrical phenomena and also to mathe- 
matical formulation. Further, it was convenient for the. 
purposes of classification. It made it possible to treat 
electrical phenomena in a category entirely by them- 
selves, without raising any troublesome questions as to 
the relation, for example, between electrical and gravita- 
tional or cohesive forces. But in spite of these advan- 
tages it was obviously a makeshift. For the notion of 
two fluids which could exert powerful forces and yet 
which were absolutely without wei^t — ^the most funda- 
mental of physical properties— and the further -notion of 
two fluids which had no physical properties w^iatever, 
that is, which disappeared entirely when they were 
In equal proportions— these notions were in a 
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high degree non-physical. Indeed, Sir J. J. Thomson 
remarked in his Silliman Lectures in IQ03 that 

the physicists and mathematicians who did most to develop the 
fluid theories confined their attention to questions which involvnl 
only the law of forces between electrified botiies and the sinnilia 
neous production of equal quantitio of plus and minus elect rii »i \ 
and refined and idealized their conception of the fluids theniseKt- 
until any reference to their physical properties was considereil 
almost indelicate. 

From the point of view of economy in hypothesis. 
Franklin’s one-fluid theory, as modified by Aepinus, was 
the better. Mathematically the two theories were iden- 
tical. The differences may be summed up thus. The 
modified one-fluid theory required that matter, when 
divorced from the electrical fluid, have exactly the same 
properties which the two-fluid theory ascribed to ni^a 
tive electricity, barring only the property of fluidity 
So that the most important distinction between the 
theories was that the two-fluid theory assumed the exist- 
ence of three distinct entities, named positive electricity 
negative electricity, and matter, while the one-fltdd 
theory reduced these three entities to two, which Fnutklin 
called matter and electricity, but which might perhaps as 
well have been called positive electricity and motive 
electricity, unelectrified matter being reduced to a mere 
combination of these two. 

Of course, the idea of a granular structure for dec* 
tridty was foreign to the two-fluid theory, and since this 
dominated the development of electrical science, there 
was seldom any mention in connection with it of an eie o 
trical atom, even as a speculative entity. But with 
Franklin the case was different. His theory was eaaen- 
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dally a material one, and he unquestionably believed in 
the existence of an electrical pardcle or atom, for he says: 
“The electrical matter consists of particles extremely 
subtle, since it can permeate common matter, even the 
<lenscst, with such freedom and ease as not to receive any 
appreciable resistance.” When Franklin wrote that, 
however, he could scarcely have dreamed that it would 
ever be possible to isolate and study by itself one of 
the ultimate particles of the electrical fluid. The 
atomic theory of electricity was to him what the 
atomic theory of matter was to Democritus, a pure 
speculation. 

The first fait of experimental evidence which appeared 
in its favor came in 1833, when Faraday found that the 
passage of a given quantity of electricity through a solu- 
tion containing a compound of hydrogen, for example, 
would always cause the appearance at the negative 
terminal of the same amount of hydrogen gas irrespec- 
tive of the kind of hydrogen compound which had been 
dissolved, and irrespective also of the strength of the 
solution; that, further, the quantity of electricity 
required to cause the appearance of .one gram of hydro- 
gen would always deposit from a solution containing 
silver exactly 107.05 grams of silver. This meant, since 
the weight of the silver atom is exactly 107.05 times the 
weight of the hydrogen atom, that the hydrogen atom 
and the silver atom are associated in the solution with 
exactly the same quantity of electricity. When it waa 
further found in this way that all atoms which are 
univalent in chemistry, that is, which combine with one 
atom of hydrogen, carry precisely the same quantity of 
electricity, and all atoms which are bivalent carry twice 



i6 THE ELECTRON 

this amount, and, in general, that valency, in chemistr\‘ 
is always exactly proportional to the quantity of rlrc- 
tridty carried by the atom in question, it was obvious 
that the atomic theory of electricity had been given verj 
strong support. 

But striking and significant as were these <liscoveri«’s. 
th«y did not serve at all to establish the atomic liyjMithe 
sis of the nature of electricity. They were nwtle at the 
very time when attention began to be directcfl strongl) 
away from the conception of electricity ns n substance 
of any kind, and it was no other than Faraday himself 
who, in spite of the brilliant discoveries just mentione<l, 
started this second period in the development of electrical 
theory, a period lasting from 1840 to about tqoo. In 
this period electrical phenomena are almost exclusively 
thought of in terms of stresses and strains in the mcflium 
which surrounds the electrified body. Up to this lime 
a more or less definite something called a charge of elec- 
tricity had been thought of as existing on a charged body 
and had been imagined to exert forces on other charged 
bodies at a distance from it in quite the same way in 
which the gravitational force of the earth acta on the 
moon or that of the sun on the earth. This notion of 
action at a distance was repugnant to Faraday, and he 
found in the case of electrical forces experimental reasons 
for discarding it which had not then, nor have they as yet, 
been found in the case of gravitational forces. These 
reasons are summed up in the statement that the electri- 
cal force between two charged bodies is found to depend 
on the nature of the intervemng medium, while gravita- 
tional pulls are, so far as is known, independent of inter- 
vening bodies. Faraday, therefore, lectured to hlmsfi l f 
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the intervening medium as transmitting electrical force 
in cjuite the same way in which an elastic deformation 
started at one end of a rod is transmitted by the rod. 
Furtlier, since electrical forces act through a vacuum, 
Faraday had to assume that it is the ether which acts as 
the transmitter of these electrical stresses and strains. 
The properties of the ether were then conceived of as 
modified by the presence of matter in order to account 
for the fact that the same two charges attract each other 
with different forces according as the intervening medium 
is, for example, glass, or ebonite, or air, or merely ether. 
These views, conceived by Faraday and put into mathe- 
matical form by Maxwell, called attention away from 
the electrical phenomena in or on a conductor carrying 
electridty and focused it upon the stresses and strains 
taking place in the medium about the conductor. When 
in 1887 Heinrich Hertz in Bonn, Germany, proved by 
direct experiment that electrical forces are indeed trans- 
mitted in the form of electric waves, which travel through 
space with the speed of light exactly as the Faraday- 
MaxweU theory had predicted, the triumph of the 
ether-stress point of view was complete. Thereupon 
textbooks were written by enthusiastic, but none too 
cautious, physicists in which it was asserted that an 
electric charge is nothing more than a “state of strain 
in the ether,” and an electric current, instead of repre- 
senting the passage of an3dJliing definite along the wire, 
corresponds merely to a continuous “slip” or “break- 
down of a strain” in the medium within the wire. 
Sir Oliver lodge's early book, Modem Views of Elec- 
IricUy, was perhaps the most influential disseminatoi 
and expounder of this point of view. 
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Now what had actually been proved was not Uiat 
electricity is a stete of strain, but tJuit wlicn any rln 
trical cliarge appears upon a body the mctliiim about the 
body does indeed become the seat of new forces which 
are transmitted through tlie inejlium, like any rl.islit 
forces, with a definite speed. Hence it is entirely proper 
to say that the medium about a charged body is in a 
state of strain. But it is one tiling to say that the elec- 
trical cliarge on the body produces a state of strain in U»c 
surrounding medium, and quite anotlicr thing to say that 
the electrical charge is nothing hut a state of strain in the 
surrounding medium, just as it is one thing to say that 
when a man stands on a bridge he produces a mechanical 
strain in the timbers of the bridge, and another thing to 
say that the man is nothing more than a mechanical 
strain in the bridge. The practical difference between 
the two points of view is that in the one case you look 
for other attributes of the man besides the ability to 
produce a strain in the bridge, and in the other case you 
do not look for other attributes. So the strain theory, 
although not irreconcilable with the atomic lij-ixithcsis, 
was actually antagonistic to it, because it led men to 
think of the strain as distributed continuously aliout the 
surface of the charged body, rather than a.s radiating from 
definite spots or centers peppered over the surface of the 
body. Between 1833 and 1900, then, the physicist wu 
in this peculiar position; when he was thinking of the 
passage of eiectridty through a solution, he for the most 
part, following Faraday, pictured to himself definite 
speeb or atoms of eiectridty as traveling through the 
solution, each atom of matter carrying an exact multiple, 
which miidit be anywhere between one and eight, of a 
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definite elementary electrical atom, while, when he was 
thinking of the passage of a current through a metallic 
conductor, he gave up altogether the atomic hypothesis, 
and attempted to picture the phenomenon to himself as 
a continuous “slip” or “breakdown of a strain” in the 
material of the wire. In other words, he recognized two 
types of electrical conduction which were wholly distinct 
in ki nd — electrolytic conduction and metallic conduction ; 
and since more of the problems of the physicist dealt with 
metallic than with electrolytic conduction, the atomic 
conception, as a general hypothesis, was almost, though 
not quite, unlieard of. Of course it would be unjust to 
the thinkers of this period to say that they failed to 
recognize and appreciate this gulf between current views 
as to the nature of electrol)rtic and metallic conduction, 
and simply ignored the difficulty. This they did not do, 
but they had all sorts of opinions as to the causes. 
Maxwell himself in his text on Electricity and Magnetism, 
published in 1873, recognizes, in the chapter on “Elec- 
trolysis,”' the significance of Faraday’s laws, and even 
goes so far as to say that “for convenience in description 
we may call this constant molecular charge (revealed by 
Faraday’s experiments) one molecule of electricity.” 
Nevertheless, a little farther on he repudiates the idea 
that this term can have any physical significance by 
saying that “it is extremely improbable that when we 
come to understand the true nature of electrolysis we 
retain in any form the theory of molecular charges, 
for then we shall have obtained a secure basis on which 
to form a true theory of electric currents and so become 
Independent of these provisional hypotheses.” 

•I,37S-86> 
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And as a matter of fact, Faraday’s cx|tcriinents hatl 
not shown at all that electrical charges on metallic con- 
ductors consist of sjwcks of electricity, even tlrough U>cy 
had shown that the cliarges on ions in solutions have 
definite values whidi arc always tJic siiinc for univalent 
ions. It was entirely logical to assume, ns Maxwell did. 
that an ion took into .solution a <lefinitr qu.inlily of rlr« - 
tricity because of some property which it h.id of always 
charging up to tJie some amount from a charged plate. 
There was no reason for assuming the charge oh the eUc- 
trode to be made up of some exact number of electrical 
atoms. 

On the other hand, Wilhelm Weber, in papers written 
in 1871,* built up his whole theory of electromagnetism 
on a basis which was practically identical with the modi- 
fied Franklin theory and explained all the electrieal 
phenomena exhibited by conductors, including thermo- 
electric and Peltier effects, on the assumption of two 
types of electrical constituents of atoms, one of which was 
very much more mobile than the other. Thus the hypo 
thetical molecular current, which Ampere had imagined 
fifty years earlier to be continually flowing inside of 
molecules and thereby rendering these molecules Ulilc 
electromagnets, Weber definitely pictures to himself 
as the rotation of light, positive dtarges about heavy 
negative ones. His words are: 

The relation of the two partidea u rqpuxb their mothtaa Is 
determined by the ratio of their masses e and on I he assumplioo 
that in < and s' are included the masses of the ponflerabie a to ms 
which are attached to the electrical atoma. Let s be the posliJvs 
electric^ particle. Let the negative be exactly equal opposite 

' See Wtfkt, IV, sSi. 
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and therefore denoted by — e (instead of e'). But let a ponderable 
atom be attracted to the latter so that its mass is thereby so 
greatly' increased as to make the mass of the positive particle 
vanishingly small in comparison. The particle —e may then be 
thought of as at rest and the particle +« as in motion about the 
particle — e. The two unlike particles in the condition described 
constitute then an Amperian molecular current. 

It is practically this identical point of view which has 
'been elaborated and generalized by Lorentz and others 
within the past five decades in the development of the 
modem electron theory, with this single difference, that 
we how have proof that it is, in general, the negative 
particle whose mass or inertia is negligible in compeirison 
with that of the positive instead of die reverse. Weber 
even went so far as to explain thermoelectric. and Peltier 
effects by differences in the kinetic energies in different 
conductors of the electrical particles.* Nevertheless his 
explanations are here widely at variance with our modem 
conceptions of heat. 

Again, in a paper read before the British Association 
at Belfast in 1874, G. Johnstone Stoney not only stated 
clearly the atomic theory of electricity, but actually went 
so far as to estimate the value of the elementary electrical 
tharge, and he obtained a value which was about as 
reliable as any which had been found until within quite 
r^nt years. He got, as will be more fully explained in 
the next chapter, .3X10“” absolute electrostatic units, 
and he got this result from the amount of electricity 
nece.ssary to separate from a solution one gram of hydro- 
gen, combined with kinetic theory estimates as to the 
number of atoms of hydrogen in two grams, i.e., in one 


* Op. p 204> 
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gram molecule of that element. This pafw was entitli-d, 
“On the Physical Units of Nature,” ami llmtigh rr.ul in 
1874 it was not published in full until 1881.' After show 
ing that all physical measurements may be cxprcsswl in 
terms of three fundamental units, he asserts tliat it would 
be possible to replace our present purely arbitrary units 
(the centimeter, the gram, and the second) by Uiree 
natural units, namely, the velocity of light, the coeffi- 
cient of gravitation, and the elementary electrical charge 
With respect to the last he says: 

Finally nature presents us with a ^ngle definite quantity at 
electricity which is independent of the particular bodies icted on 
To make this clear, 1 shall express Faraday's law in the (ollowiitg 
terms, which, as I shall show, will give U pm ision, vis.: ffar ta/A 
chemical hand which is ruptured within an ekclrolyle 0 eerktm 
quantity of electricity traverses the deetrolyte which is the same in 
ail cases. This definite quantity of electricity I shall rail E,. If 
we make this our unit of electricity, we shall probably have made 
a very important st^ to our study of molecular phenomena. 

Hence we have very good reason to suppose that to V„ G,, 
and we have three of a series of systematic unita that to an 
eminent sense are the units of nature, and aland to an intimate 
relation with the work which goes on to her mighty tobontoiy. 

Take one more illustration from prominent writers 
of this period. In his Faraday lecture delivered at the 
Royal Institution in i88t, Helmholtz spoke as follows: 

Now the most startling result of Faraday's law is perhaps this, 
if we accept the hypothesis that the elementary subtiaaccs an 
composed of atoms, we cannot avoid concluding that dcctridly 
also, positive as well as negai Ive, is divided into definite etomaiuuy 
portions which behave like atoms of electricity.' 

• Phil. Moi.f XI (xSSj; 5th series}, 584. 

* Wiss mu ehafOkh e Abkandbmten, HI, Sq. 
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This looks like a very direct and unequivocal state- 
ment of the atomic theory of electricity, and yet in the 
same lecture Helmholtz apparently thinks of metallic 
conduction as something quite different from electrolytic 
when he says: • 

All these facts show that electrolytic conduction is not at all 
limited to solutions of adds or salts. It will, however, be rather 
a difficult problem to find out how far the electrolytic conduction 
is extended, and I am not yet prepared to give a positive answer. 

The context shows that he thought of extending the 
idea of electroljrtic conduction to a great many insula- 
tors. But there is no indication that he thought of 
pending it to metallic conductors and imagining these 
^lectrical atoms as existing as disaete individual things 
6n charged metals or as traveling along a wire carrying an 
electrical current. Nevertheless, the statement quoted 
above is one of the most unequivocal which can be found 
anywhere up to about 1899 as to the atomic nature of 
electricity. 

The foregoing quotations are sufficient to show that 
the atomic tibieory of electricity, like the atomic theory 
of matter, is not at all new so far as the conception alone 
is concerned. In both cases there were individuals who 
hdld almost exactly the modem point of view. In both 
cases, too, the chief new developments have consisted in 
the appearance of new and exact experimental data which 
has silenced criticism and compelled the abandonment 
of other points of view which up to about 1900 flourished 
along with, and even more vigorously than, the atomic 
conception. Even in 1897 Lord Kelvin, with a full 
knowledge of all the new work which was appearing 
on X-rays and cathode rays, could seriously raise the 
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question whether electricity might not be a “continuous 
homogeneous liquid.” He does it in these wor«is: 

Varley’s fundamental discovery of the cathode rays, spirmlidly 
confirmed and extended by Crookes, seems to me to necessitate the 
conclusion that resinous electricity, not vitreous, is Th* hJrtlru 
Fluid, if we are to have a one-l1ui<i ihctiry of clei triciiy. Mathe 
matical reasons prove that if resinous electricity is a continuous 
homogeneous liquid it must, in order to produce the phenomena 
of contact electricity, which you have seen this evening, l*c 
endowed with a cohesional quality. It is just concrivahle. i hough 
it does not at present seem to me very probable, that this idea nuty 
deserve careful consideration. I leave it, however, for the present 
and prefer to consider an atomic theory of clectriiity foreseen as 
worthy of thought by Faraday and C'lerk-Maxwell, vety definitely 
proposed by Helmholtz in h» last lecture to the Royal Institution, 
and largely accepted by present-day workers and teachers. Indceii 
Faraday’s laws of electroljrsis seem to necessitate something atomic 
in electricity, . . . .» 

What was the new experimental work which atreniiy 
in 1897 was working this change in viewpoint ? Much 
of it was at first little if at all more convincing than tluti 
which had been available since Faraday’s time. Never- 
theless it set physidste to wondering whether stresses 
and strains in the ether had not been a bit overworked, 
and whether in spite of their undoubted existence elec- 
tridty itself might not after all be something more 
definite, more material, than tiie all-conquering Maxwell 
theory had assumed it to be. 

The result of the past thirty-five years has Imm to 
bring us back very close to where Franklin was in 1750, 
with the single difference that our modem electron theory 
rests upon a mass of very direct and convindng evidence, 
which it is the purpose of the next chapters to present 

•Eelvitt, “Cootact Electricity and Elactniyili," ilTalara, LVI 
(1807), 84. 



CHAPTER n 


THE EXTENSION OF THE ELECTROLYTIC LAWS TO 
CONDUCTION IN GASES 

I. THE ORIGIN OF THE WORD ‘^ELECTRON” 

The word electron’^ was first suggested in 1891 by 
Dr. G, Johnstone Stoney as a name for the natural unit 
of electricity,” namely, that quantity of electricity which 
must pass through a solution in order to liberate at one 
of the electrodes one atom of hydrogen or one atom of 
any univalent substance. In a paper published in 1891 
he says: 

Attention must be given to Faraday’s Law of Electrolysis, 
which is equivalent to the statement that ia electrolysis a definite 
quantity of electricity, the same in all cases, p&sses for each chemi- 
cal bond that is ruptured. The author called attention to this 
'form of the law in a communication made to the British Associa- 
tion in 1874 and printed in the Scientific Proceedings of the Royal 
Dublin Society of February, 1881, and in the Philosophical Maga- 
tine for May, 1881, pp. 385 and 386 of the latter. It is there shown 
that the amount of this very remarkable quantity of electricity is 

about the twentiethet (that is of the usual electromagnetic 
umt of electricity, i.e., the unit of the Ohm series. This is the 
same as 3 cleventhets the much smaller C.G.S. electro-^ 

static unit of quantity. A charge of this amount is associated in 
the chemical atom with each bond. There may accordingly be 
several such charges in one chemical atom, and there appear to be 
at least two in each atom. These charges, which it will be con- 
venient to call ‘‘electrons,” cannot be removed from the atom, 
but they become disguised when atoms chemically unite. If an 

as 



36 


THE ELECTRON 


electron be lodged at the point P of the molecule which undeigoes 
the motion described in the last chapter, the revolution of this 
charge will cause an electromagnetic undulation in the surrounding 
ether.* 

It will be noticed from this quotation that the word 
“electron” was introduced to denote simply a definite ele- 
mentary quantity of electricity without any reference to 
the mass or inertia which may be associated with it, and 
Professor Stoney implies that every atom must contain 
at least two electrons, one positive and one negative, 
because otherwise it would be impossible that the atom 
as a whole be electrically neutral. As a matter of fact 
the evidence is now altogether convincing that the 
hydrogen atom does indeed contain just one poutive aad 
one negative electron. 

It is unfortunate that all writers have not been more 
careful to retain the original significance of the word 
introduced by Professor Stoney, for it is obvious that a 
word is needed which denotes merely the elementary unit 
of electricity and has no necessary implication as to where 
that unit is found, to what it is attached, with what 
inertia it is associated, or whether it is po.attive or negative 
in sign; and it is also apparent that the word “electron” 
is the logical one to associate with this conception. 
Further, there is no difficulty in retaining this original 
^and derivative significance of the word "electron,” and at 
the same time permitting its common use as a convenient 
abridgment for “the free negative electron." In other 
words, in view of the omnipresence of the negative elec- 
tron in experimental physics and the extrone rarity of 

'SeimHfie TrcHioeHotu of tin Royal DtMUt Sotkty, IV (iIqi; i iih 
luies), 563. 
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the isolated positive electron, it may be generally agreed 
that the negative is understood unless the positive is 
specified. The case is then in every way identical with 
that found in the use of the word “man,” which serves 
admirably both to designate the genus “homo” and also 
to denote the male representative of that genus, the 
female being then differentiated by the use of a prefix. 
The terms “electron” and “positive electron” would 
then be used altogether conveniently precisely as are the 
terms " man " and “ woman.” Indeed, the most authori- 
tative writers—Thomsoh, Rutherford, Campbell, Rich- 
ardson, etc.— have in fact retained the original signifi- 
cance of the word “ electron ” instead of using it to denote 
soMy the free negative electron, the mass of which is 
1/ 1 j of that of the hytlrogen atom. All of these writers 
in books or articles written since 1913* have treated of 
positive as well as negative electrons, although the mass 
associated with the former is most commonly that of the 
hydrogen atom. Nor is this altogether logical use con- 
fined at all to English. Perrin has approved it, and 
Nemst in the 1921 edition of his Tkeoritische Chemie, 
on pp. 197 and 456, definitely and unambiguously defines 
the positive and negative electrons, precisely as has been 
done above, as the elementary positive and negative 
electrical charges, respectively. 

U. TEE DETEEIONATION 07 - AND Nc 7E0U TEE TACTS 

m 

07 ELECTROLYSIS 

Faraday’s experiments had of course not fomi^sd 
the data for determining anything about how 

'S«e putkuUrly Rutherford’i preddentliJ tddnM « 

Uveipooi meethvg of tiis Bri tlA AHodation, LVUS f ttS. 



28 


raE ELECTRON 


electricity an electron represents in terms of the standard 
unit by which electrical charges are ordinarily measured 
in the laboratory. This is called the coulomb, and 
represents the quantity of electricity conveyed in 
one second by one ampere. Faraday had merely .shown 
that a given current flowing in succession through 
solutions containing different univalent elements like 
hydrogen or silver or sodium or potassium would deposit 
weights of these substances which are exactly propor- 
tional to their respective atomic weights. This enabled 
him to assert that one and the same amount of elec- 
tricity is associated in the process of electrolysis with 
an atom of each of these substances. He thought of this 
charge as carried by tlie atom, or in some cases by a group 
of atoms, and called the group with its charge an "ion," 
that is, a “goer,” or “traveler.” Just how the atoms 
come to be charged in a solution Faraday did not know, 
nor do we know now with any certainty. Further, we 
do not know how much of the solvent an ion associates 
with itself and drags with it through .the solution. But 
we do know that when a substance like salt is dissolved 
in water many of the neutral NaCi molecules are split 
up by some action of the water into positively charged 
sodium (Na) ions and negatively charged chlorine (Cl) 
ions. The ions of opposite sign doubtless are all the 
time recombining, but others are probably continually 
forming, so that at each instant there are many uncom- 
bined ions. Again, we know that when a water solution 
of copper sulphate is formed many of the neutral CuSO* 
molecules are split up into podtlvely charged Cu loos 
and negatively charged SO4 ions. In this last caae too 
we find that the same current which will depodt In a 
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given time from a silver solution a weight of silver equal 
to its atomic weight will deposit from the copper-sulphate 
solution in the same time a weight of copper equal to 
exactly one-half its atomic weight. Hence we know that 
the copper ion carries in solution twice as much elec- 
tricity as does the silver ion, that is, it carries a charge of 
two electrons. 

But though we could get from Faraday’s experiments 
no knowledge about the quantity of electricity, e, repre- 
sented by one electron, we could get very exact infor- 
mation about the ratio of the ionic charge E to the 
mass of the atom with which it is associated in a given 
soluUon. 

For, if the whole current which passes through a 
solution is carried by the ions — and if it were not we 
should not always find the deposits exactly proportional 
to atomic weights — then the ratio of the total quantity 
of electricity passing to the weight of the deposit pro- 
duced must be the same as the ratio of the charge E on 
each ion to the mass m of that ion. But by international 
agreement one absolute unit of electricity has been 
defined in the electromagnetic system of units as the 
amount of electricity which will deposit from a silver 
solution 0.01118 grams of metallic silver. Hence if w 
refers to the silver ion and E means the charge on the 
ion, we have 

for silver -- — 89 -44 electromagnetic units; 

, W 0,0XlIo 

or if m refers to the hydrogen ion, since the atomic 
weight of silver is times that of hydrogen, 

® 1*00777 
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for hydrogen 


m o.oiirS^ I .ooS 


which is about lo* electromagnetic units. 

Thus in electrolysis — varies from inn to ion, being 

for univalent ions, for which E is the same and equal In 
one electron e, inversely proportional to the atomic 
weight of the ion. For poUvalcnt ions E may be 2. 3. 
4, or 5 electrons, but since hydrogen is at least 7 limes 
lighter than any other ion which is ever found in solution, 
and its charge is but one electron, we see that the largest 
jE 

value which — ever has in electrolysis is its value for 
tn 

hydrogen, namely, about to* electromagnetic units. 

E 

Although — varies with the nature of the ion, there is 

Pi 

a quantity which can be deduced from it which is a uni- 
versal constant. This quantity is denoted by Ni, where 
« means as before an electron and N is the Avogadro con- 
stant or the number of molecules in 32 grains of oxygen, 
i.e., in one gram molecule. We can get this at once from 

El 

the value of -- by letting m refer to the mass of that 

imaginary univalent atom which is the unit of our 
atomic weight system, namely, an atom which it exactly 
i/x6 as heavy as oxygen or 1/107.88 as heavy as rilver. 
For such an atom 


E « 107.88 

— — — — ■ ■■■■■ T I — 

m Iff o 01118 


9649.4. 


Multiplying both numerator and denominator by N and 
remembering that for this gas one gram molecule means 
I gram, that is Wiw- 1, we have 

i\r«»964Q.4 international electromagnetic unite, (t) 
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and since the electromagnetic unit is equivalent 
3 X lo™ electrostatic units, we have 

A'c= 28,048X10'" international electrostatic units. 

Further, since a gram molecule of an ideal gas ui 
standard conditions, i.e., at o® C. 76 cm. press 
occupies 32413 C.C., if «t represents the number of n 
cules of such a gas per cubic centimeter at 0° C., 76 
we have 

28.Q48X 10” , 

1 . 202 X 10*® electrostatic unita 

32,4X3 

Or if n represent the number of molecules per c 
centimeter at 15“ C. 76 cm., we should have to mull 
the last number by the ratio of absolute temperati 
i.e., by 273/ 288 and should obtain then 

««“ 1. 225X10" 

r 

Thus, even though the facts of electrolysis give u; 
information at all as to how much of a charge one elec 
e represents, they do tell us very exactly that if we sh 
take e as many, times as there are molecults in a g 
molecule we should get exactly 9,649.4 international 1 
tromagnetic units of electricity. This is the amour 
electricity conveyed by a current of i ampere in 10 
onds. Until quite recently we have been able to n 
nothing better than rough guesses as to the numbe 
molecules in a gram molecule, but with the aid of t 
guesses, obtained from the kinetic theory, we hav( 
course, been enabled by (i) to make equally g 
guesse^i about e. Those guesses, based for the r 
part on quite uncertain computations as to the ave: 
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radius of a molecule of air, placed anywhere between 
2X10** and 20X10**. It was in this way that G. John- 
stone Stoney in 1874 estimated e at .3X 10-" E.S. units 
In 0 . E. Meyer’s Kinelische Theorit der Cutst (p. 3.^5: 
1899), n, the number of molecules in a cubic centimeter, is 
given as 6 X lo”. This would correspond to e ■» 2 X 10" 

In all this e is the charge carried by a univalent ion in 
solution and iV or « is a pure number, which is a char- 
acteristic gas constant, it is true, but the analysis has 
nothing whatever to do with gas conduction. 

in. THE NATtlBE OP GASEOUS CONDUCTION 

The question whether gases conduct at all, and if so, 
whether their conduction is electrolytic or metallic or 
neither, was scarcely attacked until about 1895- Cou- 
lomb in 1785 had concluded that after allowing for the 
leakage of the supports of an electrically charged con- 
ductor, some leakage must be attributed to the air ilscH. 
and he explained this leakage by assuming that the air 
molecules became charged by contact and were then 
repelled — a wholly untenable conclusion, ance, were it 
true, no conductor in air could hold a charge long even 
at low potentials, nor could a very highly charged con- 
ductor lose its charge very rapidly when charged above 
a certain potential and then when the potential fell below 
a certain critical value cease almost enUrcly to lose it. 
This is what actually occurs. Despite the erroneousness 
of this idea, it persisted in textbooks written as late as 
1900. 

Warburg in 1872 experimented anew on air leakage 
and was inclined to attribute it all to dust particles. The 
real explanation of gas conduction waa not found until 
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after the discovery of X-rays in 1895. The convincing 
experiments were made by J. J. Thomson, or at his 
instigation in the Cavendish Laboratory at Cambridge, 
England. The new work grew obviously and simp ly out 
of the fact that X-rays, and a year or two later radium 
rays, were found to discharge an electroscope, i.e., to 
produce conductivity in a gas. Theretofore no agencies 
had been known by which the electrical conductivity of 
a gas could be controlled at will. 

Thomson and his pupils found that the conductivity 
induced in gases by X-rays disappeared when the gas was 
sucked through glass wool.* It was also found to be 
reduced when the air was drawn through narrow metal 
tubes. Furthermore, it was removed entirely by pasring 
the stream of conducting gas between plates which were 
maintained at a sufficiently large potential difference. 
The first two experiments showed that the conduc- 
tivity was due to something which could be removed 
from the gas by filtration, or by diffusion to the walls of 
a metal tube; the last proved that this something was 
electrically charged. 

When it was found, further, that the electric cur- 
rent obtained from air existing between two plates 
and traversed by X-rays rose to a maximum as 
the P.D. between the plates increased, and then 
reached a value which was thereafter independent of this 
potential difference; and, further, that this conductivity 
of the air died out slowly through a period of several 
seconds when the X-ray no longer acted, it was evident 
that the qualitative proof was complete that gas con- 
duction must be due to charged particles produced in the 

< J. J. Tltomson iu»l £. Rutheifoid, PMt. Mat-, XLn (1896), 393. 
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air at a definite rate by a constant source of X-rays, 
and that these charged particles, evidently of both plus 
and minus signs, disappear by recombination when tin* 
rasrs are removed. The maximum or saluratitm currents 
which could be obtained when a given source was ionizinp 
the air between two plates whose potential dilTerence 
could be varied were obviously due to the fact that when 
the electric field between the plates became strong enough 
to sweep all the ions to the plates as fast ns they were 
formed, none of them being lost by diffusion or recom- 
bination, the current obtained could, of course, not be 
increased by further increase in the field strength. Thus 
gas conduction was definitely shown about 1896 to be 
electrolytic in nature. 

IV. COMPARISON OF THE GASEOUS ION AMD THE 
ELECTROLYTIC ION 

But what sort of ions were these that were thus 
formed? We did not know the absolute value of the 
charge on a univalent ion in electrolysis, but we did 
know accurately ne. Could this be found for the ions 
taking part in gas conduction ? That this question was 
answered affirmatively was due to the extraordinary 
insight and resourcefulness of J. J. Thomson and his 
pupils at the Cavendish Laboratory in Cambridge, both 
in working out new theoretical relations and in devising 
new methods for attacking the new problems of gaseous 
conduction. These workers found first a method of 
expressing the quantity ne in terms of two measurable 
constants, called (i) the mobility of gaseoui ions and 
(3) the coefficient of diffusion of these ions. Secondly, 
they devised new methods of measuring two 
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constants— constants which had never before been deter- 
mined. The theory of the relation between these con- 
stants and the quantity ne will be found in Appendix A. 
The result is 

«=|P (3) 

in which P is the pressure existing in the gas and »o and 
D are the mobility and the diffusion coefficients respec- 
tively of the ions at this pressure. 

If then we can find a way of measuring the mobilities 
% of atmospheric ions and also the diffusion coefficients 
D, we can tod the quantity ne, in which » is a mere num- 
ber, viz., the number of molecules of air per cubic centi- 
meter at is®C., 76 cm. pressure, and e is the average 
charge on an atmosphere ion. We diall then be in posi- 
tion to compare this with the product we found in (2) on 
p. 31, in which n had precisely the same significance as 
here, but e meant the average charge carried by a uni- 
valent ion in electrolysis. 

The methods devised in the Cavendish Laboratory 
between 1897 and 1903 for measuring the mobilities and 
the dififusion coefficients of gaseous ions have been used 
in most later work upon these constants. The mobilities 
were first determined by Rutherford in 1897,* then more 
accurately by another method in 1898.* Zeleny devised 
a quite di&tinct method in 1900,* and Langevin stiU 
anolher method in 1903'^ These observers all agree 
closely in the average mobility (velocity in umt 

» m. Uttf^ 3aiv ( 1898 ), 4aa- 

* Proc. Co«J. PhU. Sec., DC, 401. 

» Tram., A X9S» P- *9S‘ 

*Amak it CMmic et de Pkysi<iut, XSVni, *89. 
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field) of the negative ion in dry air about 1.83 cm. per 
second, while that of the positive ion was found hut 
1.35 cm. per second. In hydrogen these molnlities were 
about 7.8 cm. per second and 6.1 cm. per second, rcspec 
tively, and in general tlic mobilities in tiilTercnt gases, 
though not in vapors, seem to be roughly in the inv«'rse 
ratio of the square roots of the molecular weights. 

The diffusion coefficients of ions were first mcasureti 
in 1900 by Townsend, now professor of physics in Oxfitrd. 
England,’ by a method devised by him and since then 
used by other observers in such measurements. If we 
denote the diffusion coefficient of the po.sitive ion by 
Z>+ and that of the negative by , Townseiui’s results 
in dry air may be stated thus: 

J?*j* "o .0*8 

D-— 0.043. 

These results are interesting in two respects. In the 
first place, they seem to ^ow that for some reason the 
positive ion in air is more sluggish than the negative, 
since it travels but about 0.7 (■•1.35/1.81) as fast in a 
given electrical field and »nce it diffuses through air but 
about 0.7 (-28/43) as rapidly. In the second place, 
the results of Townsend show that an ion is very much 
more sluggish than is a molecule of air, for the c«>efficirnt 
of diffusion of oxygen through air is 0.178, which is four 
times the rate of diffusion of the negative ion through 
air and five times that of the positive ion. This sluggi^- 
ness of ions as compared with molecules was at first uni- 
versally considered to mean that the gaseous ion la not 
a single molecule with an attached electrical charge, but 

• Pktt. Trans,, A t 03 , p. rap. 
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a duster of perhaps from three to twenty molecules held 
together by such a charge. If this is the correct inter- 
pretation, then for some reason the positive ion in air 
is a larger duster than is the negative ion. 

It has been since shown by a number of observers 
that the ratio of the mobilities of the positive and nega- 
tive ions is not at all the same in other gases as it is in 
air. In carbon dioxide the two mobilities have very 
nearly the same value, while in chlorine, water vapor, 
and the vapor of alcohol the poative ion apparently 
has a slightly larger mobility than the negative. There 
seems to be some evidence that the negative ion has 
the larger mobility in gases which are electro-positive, 
while the poative has the larger mobility in the gases 
which are strongly electro-negative. This dependence 
of the ratio of mobilities upon the electro-poative or 
electro-negative character of the gas has usually been 
considered strong evidence in favor of the large duster- 
ion theory as developed espedally by J. J. Thomson. 

More recently, however, Loeb,‘ who has worked for 
years on mobilities in both strong and weak electric 
fields, and Wellish,* who, at Yale, measured mobilities at 
very low pressures, conduded that their results were not 
consistent with this form of duster-ion theory. They pre- 
ferred to interpret them in terms of the so-called Atom- 
ion Theory. This theory seeks to explain the relative 
sluggishness of ions, as compared with molecules, by 
the additional resistance which the gaseous medium 
offers to the motion of a molecule through it when that 

« Leonard B. Loeb, Proc. N<a. Acad., H (1916), 34s, and Phys, 
Rn., 19*7. See especially Phys. Rev., XXXVIII (1931), S 49 ' 

• Wellish, Amer. Jour, of Sdetice, XXXIX (1913), 583. 
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molecule is electrically charged. Atiordiiti^ to I In'! hyfittli- 
esis, the ion would be simply m elctirktilly < ktryi d uwhrulr. 

This second way of accounting for the ^hlggi^hI1e■'^ of 
ions is probably in the main correct, though the atom 
ion theory was too extreme in reducing the ion to one 
single molecule. Loeb himself' now explains the differ 
ence in the mobilities of positive and negative ions by the 
assumption that the positive charge forms a dilTerciit 
“small ion” group from the negative by attaching itself 
to a different kind of molecular impurity. 

Furthermore, Erikson,’ Wahlin,'* and Ia>eb' have ap- 
parently shown quite conclusively that if the mobility of 
the positive ion in mr is measured within ,o.t second of 
the time of its formation, its value is identical with that 
of the negative, namely, i.8 cm. per second, while n short 
time thereafter it has sunk to about 1.4 cm. |kt seconel 
because of the addition of one more molecule, thus form- 
ing a very stable two-moleculc-ion-group. 

Fortunately, the quantitative evitlcncc for the elec- 
trolytic nature of gas conduction is in no way dc|xndent 
upon the correctness of either one of the theories as to 
the nature of the ion. It depends simply ujxm the com- 
parison of the values of ne obtained from electrolytic 
measurements, and those obtained from the substitution 
in equation (3) of the measured values of e, and D for 
gaseous ions. 

As for these measurements, results obtained by 
Franck and Westphal,^ who in 1908 rcfxatcd in Berlin 

«L. B. Loeb, Pkyt. Rep., XXXVIII (1931), 1716. 

• H, A. Erikwn, ibid., XX (ipaa), 118. 

< H. B. Wahlln, ibid., p. 767. 

< Verh. der deutiek. pkyt. Get., XI {<909), 146 and ti 6 . 
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both measurements on diffusion coefficients and mobflity 
coefficients, agree within 4 or $ per cent with the results 
published by Townsend in 1900. According to both of 
these observers, the value of ne for the negative ions pro- 
duced in gases by X-rays, radium rays, and ultra-violet 
light came out, v^thin the limits of experimental error, 
which were presumably 5 or 6 per cent, the same as the 
value found for univalent ions in solutions, namely, 
1. 33X10” absolute electrostatic units. This result 
seems to show with considerable certainty that the 
negative ions in gases ionized by X-rays or similar 
agencies carry on the average the same charge as that 
borne by the univalent ion in electrolysis. When we 
consider the work on the positive ion, our confidence in 
the inevitableness of the conclusions reached by the 
methods under consideration is perhaps somewhat 
shaken. For Townsend found that the value of ne for 
the positive ion came out about 14 per cent hi^er than 
the value of this quantity for the univalent ion in elec- 
trolysis, a result which he does not seem at first to have 
regarded as inexplicable on the basis of experimental 
uncertainties in bis method. In 1908, however,' he 
devised a second method of measuring the ratio of the 
mobility and the diffusion coefficient and obtained this 
time, as before, for the negative ion, ««■=■ 1.33X10”, but 
for the positive ion twice that amount, namely, 2.46 X 10". 
From these last experiments he concluded that the 
positive ions in gases ionized by X-rays carried on the 
average twice the charge carried by the univalent ion in 
electrolysis. Franck and Westphal, however, found in 
their work that Townsend’s original value for ne for the 
< Proc. Roy. See., LXXX (igo&), toy. 
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positive ions was about right, and hence concluded that 
only about 9 per cent of the jwsitive ions could carry a 
charge of value ae. Work which will be dcfirrihed Iat«’r 
indicates that neither Townsend’s nor Fram k and West- 
phal’s conclusions are correct, and hence jwunf to errors 
of some sort in both methods. But despite the.se difli< 
culties with the work on positive ions, it shtiuld neverthe- 
less be emphasized that Townsend was the tir^t to bring 
forward strong quantitative evidence (i) that the mean 
charge carried by the negative ions in ionized gases 
is the same as the mean charge carried by univalent 
ions in solutions, and (2) that the mean charge carried 
by the positive ions in gases has not far from the same 
value. 

But there is one other advance of fundamental impor- 
tance which came with the study of the properties of 
gases ionized by X-rays. For up tu this Unit the only 
type of ionization known was that observed in solution 
and here it is always some compound muleeuie like 
sodium chloride (NaCl) which splits up s}K>ntanruusly 
into a positively charged sodium ion and a negatively 
charged chlorine ion. But the ionization produced in 
gases by X-rays was of a wholly different sort, for It was 
observable in pure gases like nitrogen or oxygen.or even in 
monatomic gases like argon and helium Plainly, then, 
the neutral atom even of a monatomic substance must 
possess minute electrical charges as constituents. Herr 
we had the first direct evidence (t) that an atom is a 
complex structure, and (a) that electrical charges enter 
into its make-up. With this discovery, due directly to the 
use of the new agency, X-rays, the atom as an ultimate, 
indivisible thing was gone, and the era of the study of the 
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constiiutnts oj the atom began. And with astonishing 
rapidity during the past thirty-five years the properties 
of the subatomic world have been revealed. 

Physicists began at once to seek diligently and to finrl 
at least partial answers to questions like these: 

1. What are the masses of the constituents of the 
atoms torn asunder by X-rays and similar agencies ? 

2. What are the values of the charges carried by 
these constituents? 

3. How many of these constituents are there? 

4. How large are they, i.e., what volumes do they 
occupy ? 

5. What are their relations to the emission and 
absorption of light and heat waves, i.e., of electromag- 
netic radiation ? 

6. Do all atoms possess similar constituents? In 
other words, is there a primordial subatom out of which 
atoms are made ? 

The partial answer to the first of these questions came 
with the study of the electrical behavior of rarefied gases 
in so-called vacuum tubes. 

This field had been entered and qualitatively explored 
with amazing insight as early as 1879 by Sir William 
Crookes, who in describing in that year some of his 
experiments said: 

The phenomena in these exhausted tubes reveal to physical 
science a new world— a world where matter exists in a fourth 
state. .... In studying this fourth state of matter we seem 
at length to have witW our grasp and obedient to our control the 
little indivisible particles which with good warrant are supposed 
to constitute the physical basis of the universe.* 

• Fournier d’Albe, Life of Sir William Crookes, 
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Further, by 1890 Sir Arthur Schuster* had gone a 
step farther and shown how the ratio of the charge to 

the massj^jof these same hypothetical particles might 

be determined. Indeed he had experimentally evaluated 
this ratio, obtaining, however, a value very much too 
small, namely, i.iXio* electromagnetic units. 

But it was J. J. Thomson* who in 1897 first introduced 
a more reliable method of determining this ratio, namely, 
one which combines a measurement of the magnetic 
deflectability of a beam of cathode rays with the electro- 
static deflectability of the same beam. The value which 
he obtained, namely, 7X10* electromagnetic units, was 

nearly a thousand times the value of ^ for the hydrogen 

ion in solutions. Also since the approximate equali ty of ne 
in gases and solutions meant that ewas atleast of the same 
order in both, the only possible conclusion was that the 
negative ion which appears in discharges in exhausted 
tubes has a mass, i.e., an inertia, only one-thousandth 
of the mass of the lightest-known atom, namely, the 
atom of hydrogen. Later more accurate experiments 

ft 

have fixed the correct value of — for cathode rays at 

1-7573X10' electronragnetic units.’.^ 

Furthermore, J. J. Thomson and after him other 

experimenters showed that — for the negative carrier is 

always the same whatever be the nature of the residual 
gas in the discharge tube. This was an indication of 
an affirmative answer to the sixth question above— an 
' ^roc. Roy. Soc., XL (1890), sa6. • Phil. Af«r., XLIV (1897), 298. 

’ Houston, Phys. Ree , XLV (1934), 104. 

4 Dimniiigtoii, ibid., XUU (1933), 404. 
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indication which was strengthened by Zeonan’s discovery 
in 1897 of the splitting by a magnetic field of a sin^e 
spectral line into two or three lines ; for this, when worked 
out quantitatively, pointed to the existence mthm the 
atom of a negatively charged particle which had approxi- 
mately the same value of 

The study of — for the positive ions in exhausted tubes 

was fiirst carried out quantitatively by Wien,* and was 
later most elaborately and most successfully dealt with by 
J. J. Thomson’ and his pupils at the Cavendish Labora- 
tory. The results of the work of aU observers up to 
date shows that with the exceptions considered in chapter 

xiv — for a poative ion in gases is never larger than its 

ftl 

value for the hydrogen ion in electrolysis, and that it 
varies with difierent sorts of residual gases just as it is 

found to do in electrol3rsis. 

In a word, then, the act of ionization in gases appears 

to consist in the detachment from a neutral atom of one 
or more negatively charged particles, called, by Thomson 
corpuscles. The residuiun of the atom is of course posi- 
tively charged, and it always carries practically the 
whole mass of the original atom. The detached cor- 
puscle must soon attach itself, in a gas at ordinary pres- 
sure, to a neutral atom, since otherwise we could not 
account for the fact that the mobilitira and the diffusion 
coefficients of negative ions are usually of the same order 
of magnitude as those of the poative ions. It is because 
of this tendency of the parts of the dissociated atom to 

« W. 'Wien, Wied. Am., IXV (1898), 440. 

• Rtys of PoaiUve EUOricUy. London: Longmans, I 9 i 3 - 



44 


THE ELECTRON 


form new attachments in gases at ordinary pressure that 
the inertias of these parts had to be worked out in the 
rarefied gases of exhausted tubes. 

The foregoing conclusions as to the masses of the 
positive and negative constituents of atoms had all been 
reached before 1900, mostly by the workers in the 
Cavendish Laboratory, and subsequent investigation has 
not modified them in any essential particulars. 

The history of the development of our present knowl- 
edge of the charges carried by the constituents will be 
detailed in the next chapters. 



CHAPTER m 


EARLY ATTEMPTS AT THE DIRECT DETER. 

MINAHON OF 

AJthough the methods sketched in the preceding 
chapters had been sufficient to show that the mean 
charges carried by ions in gases are the same or nearly 
the same as the mean charges carried by univalent ions 
in solution, in neither case had we any way of determin- 
ing what the absolute value of that mean charge is, nor, 
indeed, had we any proof even that all the ions of a given 
kind, e.g., silver or hydrogen, carry the same charge. Of 
course, the absolute value of e could be foimd from the 
measured value of «« if only .», the number of molecules 
in I C.C. of gas under standard conditions, were known. 
But we had only rough guesses as to this niunber. These 
guesses varied tenfold, and none of them were based 
upon considerations of recognized accuracy or even 
validity. 

I. Townsend’s work on e 

The first attempt at a direct determination of e was 
published by Townsend in a paper read before the 
Cambridge Philosophical Society on February 8, 1897.* 
Townsend’s method was one of much novelty and of no 
little ingenuity. It is also of great interest because it 
contains all the essential elements of some of the sub- 
sequent determinations. 

' Proceedings, DC (1897), 244. 


4S 
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It had been known, even to Laplace and Lavoisier a 
hundred years before, that the hydrogen gas evolved 
when a metal dissolves in an add carries with it an elec- 
trical charge. This “natural method” of obtaining a 
charge on a gas was scarcely studied at all, however, 
until after the impulse to the study of the electrical 
properties of gases had been given by the discovery in 
1896 that electrical properties can be artificially impartecl 
to gases by X-rays. Townsend’s paper appeared within 
a year of that time. Enright* had indeed found that 
the hydrogen given off when iron is dissolving in sulphuric 
add carries. with it a positive charge, but Sir Oliver 
Lodge* had urged that it was not the gas itself which 
carries the charge but merely the spray, for the frictional 
electrification of spray was a well-known phenomenon. 
Indeed, it has always been assumed that the gas mole- 
cules which rise from the electrodes in electrolysis arc 
themselves neutral. Townsend, however, first showed 
that some of these molecules are charged, although there 
are indeed a million million neutral ones for every one 
carrying a charge. He found that both the oxygen and 
the hydrogen which appear ,at the opposite electrodes 
when sulphuric add is electrolyzed are positively charged, 
while vfhen the electrolyte is caustic potash both the oxy- 
gen and the hydrogen given off are negative. Townsend’s 
electrolyzing currents were from 12 to 14 amperes. He 
got in this way many more ions per cubic centimeter 
than he could produce with X-rays, the total charge 
per cubic centimeter being as large as sX io“» electro- 
static units. 

' PhU. Mag., XXIX (1890; sth scries), 56. 

‘Ibid., p. jgaj Natun, XXXVI. 413. 
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When these charged gases were bubbled through 
water they formed a cloud. This cloud could be com- 
pletely removed by bubbling through concentrated sul- 
phuric acid or any drying agent, but when the gas came 
out again into the atmosphere of the room it again con- 
densed moisture and formed a stable cloud. Townsend 
says that “the process of forming the cloud in positive 
or negative oxygen by bubbling throu^ water, and 
removing it again by bubbling throu^ sulphuric add, 
can be gone through without losing more than 20 or 25 
per cent of the original charge on the gas.” This means 
simply that the ions condense the water about them 
when there is an abundance of moisture in the air, but 
when the doud is carried into a perfectly dry atmos- 
phere, such as that existing in a bubble surrounded on 
all sides by concentrated sulphuric add, the droplets of 
water evaporate and leave the charge on a molecule of 
air as it was at first. The 20 or 25 per cent loss of charge 
represents the fraction of the droplets with their charges 
winch actually got into contact with and remained in the 
liquids through which the gas was being bubbled. 

In order to find the charge on each ion, Townsend 
took the following five steps: 

1. He assumed that in saturated water vapor each 
ion condensed moisture about it, so that the number of 
ions was the same as the number of droplets. 

2. He determined with the aid of a quadrant deo 
trometer the total electrical charge per cubic centimeter 
carried by the gas. 

3. He found the total weight of the doud by passing 
it through drying tubes and determining the increase in 
weight of these tubes. 



48 


THE ELECTRON 


4. He found the average weight of the water droplets 
constituting the cloud by observing their rate of fall 
under gravity and computing their mean radius with 
the aid of a purely theoretical law known as Stokes’s 
Law. 

5. He divided the weight of the cloud by the average 
weight of the droplets of water to obtain the number of 
droplets which, if assumption i is correct, was the number 
of ions, and he then divided the total charge per cubic 
centimeter in the gas by the number of ions to find the 
average charge carried by each ion, that is, to find «. 

A brief description of the way in which these experi- 
ments were carried out is contained in Appendix B. 

One of the interesting side results of this work was 
the observation that clouds from negative oxygen fall 
faster than those from positive oxygen, thus indicating 
that the negative ions in oxygen act more readily than 
do the positive ions as nuclei for the condensation of 
water vapor. This observation was made at about the 
same time in another way by C. T. R. Wilson,* also in the 
Cavendish Laboratory, and it has played a rather impor- 
tant r 61 e in subsequent work. Wilson’s discovery was 
that when air saturated with water vapor is ionized by 
X-rays from radioactive substances and then cooled 
by a sudden expansion, a smaller expansion is required 
to make a cloud form about the negative than about the 
positive ions. Thus when the expansion increased the 
volume in a ratio between 1.25 and 1.3, only negative 
ions acted as nuclei for cloudy condensation, while with 
expansions greater than i . 3 both negatives and positives 
were brought down. 

• Proc. Comb. Phil. Soc., DC (1897), 333. 
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BAffi 

Townsend first obtained by the foregoing method 
when he worked with positive oxygen, 

2 .8X io~” electrostatic units, 
and when he worked with negative oxygen, 
tf=3 . iXio“” electrostatic units. 

In later experiments' he obtained 2.4 and 2.9, respec- 
tively, in place of the numbers given above, but in view 
of the unavoidable errors, he concluded that the two 
charges might be considered equal and approximately 
3X10”'® electrostatic units. Thus he arrived at about 
the same value for e as that which was then current be- 
cause of the kinetic theory estimates of », the number of 
molecules in a cubic centimeter of a gas. 

The weak points in this first attempt at a direct 
determination of e consisted in: (i) the assumption that 
the number of ions is the same as the number of drops; 
(2) the assumption of Stokes’s Law of Fall which had 
never been tested experimentally, and which from a 
theoretical standpoint might be expected to be in error 
when the droplets were small enough; (3) the assump- 
tion that the droplets were all alike and fell at a uniform 
rate wholly uninfluenced by evaporation or other causes 
of change; (4) the assumption of no convection currents 
in the gas when the rate of fall of the cloud was being 
measured. 

n. SIR JOSEPH Thomson’s work on e 

This first attempt to measure e was carried out in Pro- 
fessor J. J. Thomson’s laboratory. The second attempt 
was made by Professor Thomson himself* by a method 

• Ibid., p. 34S. 

• pm. Mag., XLVI (i8q81. sa8. 
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which resembled Townsend’s very closely in all its essen- 
tial particulars. Indeed, we may set down for Professoi 
Thomson’s experiment precisely the same five elements 
which are set down on p. 47 for Townsend’s. The differ- 
ences lay wholly in step 2, that is, in the way in which 
the electrical charge per cubic centimeter carried by the 
gas was determined, and in step 3, that is, in the way 
in which the total weight of the cloud was obtained. 
Thomson produced ions in the space A (Fig. i) by an 
X-ray bulb which ran at a constant rate, and measured 
first the current which, under the influence of a very weak 
electromotive force E, flows through A between the sur- 
face of the water and the aluminum plate which closes 
the top of the vessel. Then if n' is the whole number of 
ions of one sign per cubic centimeter, u the velocity of 
the positive and v that of the negative ion under unit 
electric force, i.e., if « and v are the mobilities of the posi- 
tive and negative ions, respectively, then the current I 
per unit area is evidently given by 

I =n'e(u+v) E ■ . (4) 

I and E were easily measured in any experiment; 
M-f-® was already known from Rutherford’s previous 
work, so that n'e, the charge of one sign per cubic cenU- 
meter of gas under the ionizing action of a constant 
source of X-rays, could be obtained at once from (4). 
This then simply replaces Townsend’s method of obtain- 
ing the charge per cubic centimeter on the gas, and in 
principle the two methods are quite the same, the differ- 
ence in experimental arrangements being due to the fact 
that Townsend’s ions are of but one sign while Tliom- 
son’s are of both signs. 



EARLY DETERMINATIONS OF e 


SI 

Having thus obtained n'e of equation (4), Thomson 
had only to find »' and then solve for e. To obtain n' 
he proceeded exactly as Townsend had done in letting 
the ions condense droplets of water about them and 
weighing the cloud thus formed. But in order to form 
the doud, Thomson utilized C. T. R. Wilson’s discovery 



just touched upon above, that a sudden expansion and 
consequent cooling of the air in A (Fig. i) would cause 
the ions in A to act as nuclei for the formation of water 
droplets. To produce this expansion the piston P is 
suddenly pulled down so as to increase the volmne of the 
space above it. A cloud is thus formed about the ions 
in A. Instead of measuring the weight of this cloud 
directly, as Townsend had done, Thomson computed it 
by a theoretical consideration of the amount of cooling 
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produced by the expansion and the known difference 
between the densities of saturated water vapor at the 
temperature of the room and the temperature resulting 
from the expansion. This method of obtaining the 
weight of the cloud was less direct and less reliable than 
that used by Townsend, but it was the only one avail- 
able with Thomson’s method of obtaining an ionized gas 
and of measuring the charge per cubic centimeter on that 
gas. The average size of the droplets was obtained pre- 
cisely as in Townsend’s work by applying Stokes’s Law 
to the observed rate of fall of the top of the cloud in 
chamber A. 

The careful consideration of Thomson’s experiment 
shows that it contains the theoretical uncertainties 
involved in Townsend’s work, while it adds some very 
considerable experimental imcertainties. The most seri- 
ous of the theoretical uncertainties arise from (i) the 
assumption of Stokes’s Law, and (2) the assumption that 
the number of ions is equal to the number of droplets. 
Both observers sought for some experimental justification 
for the second and most serious of these assumptions, but 
subsequent work by H. A. Wilson, by Quincke, and 
by myself has shown that clouds formed by C. T. R. 
Wilson’s method consist in general of droplets some of 
which may carry one, some two, some ten, or almost any 
number of unit charges, and I have never been able, 
despite quite careful experimenting, to obtain conditions 
in which it was even approximately true that each 
droplet carried but a single unit charge. Quincke has 
also published results from which he arrives at the 
same conclusion. 

* Verk* der dcutsch* phys^ XVI (1914), 432, 
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Again, when we compare the experimental uncer- 
tainties in Townsend’s and Thomson’s methods, it is at 
once obvious that the assumption that the clouds are not 
evaporating while the rate of fall is being dete r mined is 
even more serious in Thomson’s experiment than in 
Townsend’s, for the reason that in the former case the 
clouds are formed by a sudden e:q)ansion and a conse- 
quent fall in temperature, and it is certain that during 
the process of the return of the temperature to initial 
conditions the droplets must be evaporating. Fiuther- 
more, this sudden expansion makes the likelihood of the 
existence of convection currents, which would falsify 
the computations of the radius of the drop from the ob- 
served rate of fall, more serious in Thomson’s work than 
in Townsend’s. The results which Thomson attained 
in different experiments gave values ranging from 
5.5X10”“ to 8.4X10““. He published as his final 
value 6 . 5X io““. In 1903, however,' he published some 
new work on e in which he had repeated the determina- 
tion, using the radiation from radium in place of that 
fropi X-rays as his ionizing agent and obtained the result 
6=3,4X10““. He explained the difference by the 
assumption that in his preceding work the more active 
negative ions had monopolized the aqueous vapor avail- 
able and that the positive ions had not been brought 
down with the cloud as he had before assumed was the 
CTCpi He now used more sudden expansions than he 
had used before, and concluded that the assumption 
made in the earlier experiments that the number of ions 
was equal to the number of particles, although shown to 
be incorrect for the former case, was correct for these 
'* PhU. Mat; V (1903; 6th series), 354. 



54 


THE ELECTRON 


second esperiments. As a matter of fact, if he had 
obtained only half the ions in the first experiments and 
aU of them in the second, his second result should have 
come out approximately one-half as great as tlie first, 
which it actually did. Although Thomson’s experiment 
was an interesting and important modification of Town- 
send’s, it can scarcely be said to have added greatly 
to the accuracy of our knowledge of e. 

The next step in advance in the attempt at the deter- 
mination of e was made in 1903 by H. A. Wilson,* also 
in the Cavendish Laboratory. 

m. H. A. Wilson’s method 

Wilson’s modification of Thomson’s work consisted in 
placing inside the chamber A two horizontal brass plates 
3§ cm. in diameter and from 4 to 10 mm. apart and con- 
necting to these plates the terminals of a 2,000-volt 
battery. He then formed a negative cloud by a sudden 
expansion of amount between i . 25 and i . 3, and 
observed first the rate of fall of the top surface of this 
cloud between the plates when no electrical field was 
on; then he repeated the expansion and observed the 
rate of fall of the cloud when the electrical field as well 
as gravity was driving the droplets downward. If tng 
represents the force of gravity acting on the droplets in 
the top. surface of the cloud and mg-^rFc the force of 
gravity plus the electrical force arising from the action 
of the field F on the charge e, and if »x is the velocity 
of faU under the action of gravity alone, and a, the 
velocity when both gravity and the electrical field are 
acting, then, if the ratio between the force acting nnrf 

* Op, cU,, p. 429. 
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the velocity produced is the same when the particle is 
charged as when it is uncharged, we have 


mg vi 
mg+Fe Va 


Gombining this with the Stokes’s Law equation which 
nms 




9 ‘n 


( 6 ) 


in which a is the radius, <r the density, p, the velocity of 
the drop under gravity g, and i; is the viscosity of the air, 
and then elimina ting m by means of 

m=^a^<r ( 7 ) 


Wilson obtained after substituting for rj and <r the appro- 
priate values (not accurately known, it is true, for 
saturated air at the temperature existing immediately 
after the expansion), 

e=3.iXio“» |;(Pa— Pi)sJ (8) 

Wilson’s method constitutes a real advance in that it 
eliminates the necessity of making the very awkward 
assumption that the number of droplets is equal to the 
number of negative ions, for since he observes only the 
rate of fall of the top of the cloud, and since the more 
heavily charged droplets will be driven down more 
rapidly by the field than the less heavily charged ones, 
his actual measurements would always be made up>on 
the least heavily charged droplets. All of the other dif- 
ficulties and assumptions contained in either Town- 
send’s or Thomson’s experiments inhere also in Wilson’s, 
and in addition one fresh and rather serious assumption 
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is introduced, namely, that the clouds formed in succes 
sive expansions are identical as to size of droplets. Foi 
we wrote down the first equation of Wilson’s method as 
though the Vi and Va were measurements made upon 
the same droplet, when as a matter of fact the measure- 
ments are actually made on wholly different droplets. 
I have myself found the duplication of cloud conditions 
in successive expansions a very uncertain matter. 
Furthermore, Wilson’s method assumes uniformity in the 
field between the plates, an assumption whidi might be 
quite wide of the truth. 

Although the elimination of the assumption of 
equality of the number of droplets and the number of 
ions makes Wilson’s determination of e more reliable as 
to method than its predecessors, the accuracy actually 
attained was not great, as can best be seen from his own 
fiinal smnmary of results. He made eleven different 
determinations which varied from e=2Xio““ to 
c=4.4Xio~“. His eleven results are: 


TABLE I 


2.3X10“*® 

2.6 
4-4 

2.7 

3-4 
3-8 


3.8X10-“ 

3.0 " 

3-5 ;; 

2.0 ' 

2.3 “ 


Mean 3.1X10-“ 


In 1906, being dissatisfied with the variability of these 
results, the author repeated Wilson’s experiment without 
obtaining any greater consistency than that which the 
latter had found. Indeed, the instability, distortion, and 
indefimteness of the top surface of the cloud were some- 
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what disappointing, and the results were not considered 
worth publishing. Nevertheless, it was concluded from 
these observations that the accuracy might he improved 
by using radium instead of X-rays for the ionizing agent, 
by employing stronger electrical fields, and thus increas- 
ing the difference between Vt and Vx, which in Wilson’s 
mqperiment had been quite small, and by observing the 
fall of the cloud through smaller distances and shorter 
times in order to reduce the error due to the evapora- 
tion of the cloud during the time of observation. 
Accordingly, a 4,000-volt storage battery was built and 
in the summer of 1908 Mr. Begeman and the author, 
using radium as the ionizing agent, again repeated the 
experiment and published some results which were some- 
what more consistent than those reported by Wilson.’ 
We gave as the mean of ten observations which varied 
from 3 . 66 to 4.37 the value c=4. 06X io~”. We stated 
at the time that although we had not eliminated alto- 
gether the error due to evaporation, we thought that we 
had rendered it relatively harmless, and that our final 
result, although considerably larger than either Wilson’s 
or Thomson’s (3.1 and 3.4, respectively), must be con- 
sidered an approach at least toward the correct value. 

IV. THE BAIANCED-DROP METHOD 

Feeling, however, that the amount of evaporation of 
the cloud was still a quite unknown quantity, I next 
endeavored to devise a way of eliminating it entirely. 
The plan now was to use an electrical field which was 
strong enough, not merely to increase or decrease slightly 
the speed of fall under gravity of the top surface of the 

» Pkys, Hev. XXVT (igo8), ig8. 
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cloud, as had been done in all the preceding experiments, 
but also sufficiently strong to hold the top surface of the 
cloud stationary, so that the rate of its evaporation could 
be accurately observed and allowed for in the computa- 
tions. 

This attempt, while not successful in the form in 
which it had been planned, led to a modification of the 
cloud method which seemed at the time, and which has 
actually proved since, to be of far-reaching importance. 
It made it for the first time possible to make all the measure- 
ments on individual droplets, and thus not merely to 
eliminate ultimately all of the questionable assumptions 
and experimental uncertainties involved in the cloud 
method of determining e, but, more important still, it 
made it possible to examine the properties of individual 
isolated electrons and to determine whether different 
ions actually carry one and the same charge. That is 
to say, it now became possible to determine whether 
electridly in gases and solutions is actually built up out 
of electrical atoms, each of whidh has exactly the same 
value, or whether the electron which had first made its 
appearance in Farada3^s experiments on solutions and 
then in Townsend’s and Thomson’s experiments on gases 
is after all only a statistical mean of charges which are 
themselves greatly divergent. This latter view had been 
strongly urged up to and even after the appearance of 
the work which is now under consideration. It will be 
given further discussion presently. 

The first determination which was made upon the 
charges carried by individual droplets was carried out 
in the spring of 1909. A rqwrt of it was placed upon 
the program of the British Aswdation meeting at Winni- 
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peg in August, 1909, as an additional paper, was printed 
in abstract in the Physical Review for December, 1909, 
and in full in the Philosophical Magazine iox February, 
1910, under the title “A New Modification of the Cloud 
Method of Determining the Elementary Electrical 
Charge and the Most Probable Value of That Charge/’* 
The following extracts from that paper show clearly what 
was accomplished in this first determination of the 
charges carried by individual droplets. 

THE BALANCING OP INDIVIDUAL CHANGED DROPS BY AN 
ELECTROSTATIC PIEID 

My original plan for eliminating the evaporation error was to 
obtain, if possible, an electric field strong enough exactly to balance 
the force of gravity upon the cloud and then by means of a sliding 
contact to vary the strength of this field so as to hold the doud 
balanced throughout its entire life. In this way it was thought 
that the whole evaporation-history of the doud might be recorded, 
and that suitable allowances might then be made in the observa- 
tions on the rate of fall to eliminate entirely the error due to 
evaporation. It was not found possible to balance the doud, as 
had been originally planned, but it was found possible to do some- 
thing much better: namely, to hold individual charged drops sus- 
pended by the fidd for periods varying from 30 to 60 seconds. 
I have never actually timed drops which lasted more than 45 
seconds, although I have several times observed drops which in 
my judgment lasted considerably longer than this. The drops 
which it was found possible to balance by an electrical field always 
carried multiple charges, and the difficulty eaperienced in balan- 
cing such drops was less than had been anticipated. 

The procedure is simply to form a cloud and throw on the 
field immediately thereafter. The drops which have charges of 
the same sign as that of the upper plate or too weak charges of the 
opposite sign rapidly fall, while those which are charged with too 
many multiples of the sign opposite to that of the upper plate are 

* Phil, XDC (1910), 209. 
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jerked up against gravity to this plate. The result is that after 
a lapse of 7 or 8 seconds the field of view has become quite clear 
save for a relatively small number of drops which have just the 
right ratio of charge to mass to be held suspended by the electric 
field. These appear as perfectly distinct bright points. I have 
on several occasions obtained but one single such “star” in the 
whole field and held it there for nearly a minute. For the most 
part, however, the observations recorded below were made with 
a considerable number of such points in view. Thin, flocculent 
clouds, the production of which seemed to be facilitated by keep- 
ing the water-jackets h and /a (Fig. 2) a degree or two above the 
temperature of the room, were found to be particularly favorable 
to observations of this kind. 

Furthermore, it was found possible so to vary the mass of a 
drop by varying the ionization, that drops carrying in some cases 
two, in some three, in some four, in some five, and in some six, 
multiples could be held suspended by nearly the same field. The 
means of gradually var3dng the field which had been planned were 
therefore found to be unnecessary. If a given field would not 
hold any drops suspended it was varied by steps of 100 or 200 
volts until drops were held stationary, or nearly stationary. When 
the P JD. was thrown off it was often possible to see different drops 
move down under gravity with greatly different speeds, thus show- 
ing that these drops had different masses and correspondingly 
different charges. 

The life-history of these drops is as follows: If they are a 
little too heavy to be held quite stationary by the field they begin 
to move slowly down under gravity. Since, however, they slowly 
evaporate, their downward motion presently ceases, and they 
become stationary for a considerable period of time. Then the 
field gets the better of gravity and they move slowly upward. 
Toward the end of their life in the space between tjhie plates, this 
upward motion becomes quite rapidly accelerated and they are 
drawn with considerable speed to the upper plate. This, taken 
in connection with the fact that their whole life between plates 
only 4 or 5 mm. apart is from 35 to 60 seconds, will make it obvious 
that during a very considerable fraction of this time their motion 
must be exceedingly slow. 1 have often held drops through a 
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period of from lo to 15 seconds, during which it was impossible to 
see that they were moving at all. Shortly after an expansion I . 
have seen drops which at first seemed stationary, but which then 
began to move slowly down in the direction of gravity, then become 
stationary again, then finally began to move slowly up. This is 
probably due to the fact that large multiply charged drops are not 
in equilibrium with smaller singly charged drops near diem, and 
hence, instead of evaporating, actually grow for a time at the 
espense of their small neighbors. Be this as it may, however, it 
is by utilizmg the experimental fact that there is a considerable 
period during which the drops are essentially stationary that it 
becomes possible to make measurements upon the rate of fall in 
which the error due to evaporation is wholly negligible in compari- 
son with the other errors of the experiment. Furthermore, in 
making measurements of this kind the observer is just as likely 
to time a drop which has not quite reached its stationary point as 
one which has just passed through that point, so that the mean of 
a considerable number of observations would, even from a theo- 
retical standpoint, be quite free from an error due to evaporation. 

THE BIETHOD OF OBSERVATION 

The observations on the rate of fall were made with a short- 
focus telescope T (sec Fig. 2) placed about 2 feet away from the 
plates. In die eyepiece of this telescope were placed three equally 
spaced cross-hairs, the distance between those at the extremes cor- 
responding to about one-third of the distance between the plates. 
A small section of the space between the plates was illuminated by 
a narrow beam from an arc light, the heat of the arc being absorbed 
by three water cells in series. The air between the plates was 
ionized by- 200 mg. of radium, of activity 20,000, placed from 
3 to 10 cm. j|pay from the plates. A second or so after expansion 
the radium was removed, or screened off with a lead screen, and the 
field thrown on by hand by means of a double-throw switch. If 
drops were not found to be held suspended by the field, the PJD. 
was changed or the expansion varied until they were so held. The 
cross-hairs were set near the lower plate, and as soon as a stationary 
drop was foimd somewhere above the upper cross-hair, it was 
watched for a few seconds to make sure that it was not moving. 
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and then the field was thrown off and the plates short-circuited 
by means of the double-throw switch, so as to make sure that they 
retained no charge. The drop was then timed by means of an 
accurate stop watch as it passed across the three cross-hairs, one 
of the two hands of the watch being stopped at the instant of 




Fig. 2 


passage across the middle cross-hair, the other at tne instant of 
passage across the lower one. It will be seen that this method 
of observation furnishes a double check upon evaporation ; for if 
the drop is stationary at first, it is not evaporating sufficiently to 
influence the reading of the rate of fall, and if it begins to evaporate 
appreciably before the reading is completed, the time required to 
pass through the second space should be greater than that required 
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to pass through the first space. It will be seen from the observa- 
tions which follow that this was not, in general, the case. 

It is an exceedingly interesting and instructive experiment to 
watch one of these drops start and stop, or even reverse its direc- 
tion of motion, as the field is thrown off and on. I have often 
caught a drop which was just too light to remain stationary and 
moved it back and forth in this way four or five times between the 
same two cross-hairs, watching it first fall under gravity when the 
field was thrown off and then rise against gravity when the field 
was thrown on. The accuracy and certainty with which the 
instants of passage of the drops across the cross-hairs can be deter- 
mined are precisely the same as that obtainable in timing the 
passage of a star across the cross-hairs of a transit instrument. 

Furthermore, since the observations upon the quantities 
occurring in equation (4) [see (8) p. 55 of this volume] are all 
made upon the same drop, all uncertainties as to whether condi- 
tions can be exactly duplicated in the formation of successive 
clouds obviously disappear. There is no theoretical uncertainty 
whatever left in the method unless it be an uncertainty as to 
whether or not Stokeses Law applies to the fate of fall of these 
drops under gravity. The experimental uncertainties are red.uced 
to the uncertainty in a time determination of from 3 to 5 seconds, 
when the object being timed is a single moving bright point. This 
means that when the time interval is say 5 seconds, as it is in some 
of the observations given below, the error which a practiced 
observer will make with an accurate stop watch in any particular 
observation will never exceed 2 parts in 50. The error in the mean 
of a considerable number of concordant observations will obviously 
be very much less than this. 

Since in this form of observation the Va of equation (5) [(8) of 
this volume] is zero, and since F is negative in sign, equation ($) 
reduces to the simple form: 

«- 3 . 422 Xio~«>X^(Px)i W 

“I had changed the constant in Wilson’s equation from 3.1 to 
3.422 because of careful measurements on the temperature existing in 
the cloud chamber about 10 seconds after expansion and because of new 
measurements on the viscosity of the saturated air. 
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It will perhaps be of some interest to introduce two 
tables from this paper to show the exact nature of these 


TABLE n 


Semes i (Balanced Positive 
Water Drops) 


Series i (Balanced Positive 
Water Drops) 


Distance between plates . 545 cxn. 
Measured distance of fall . 155 cm. 


Volts 

Time 

I Space 

Time 
a Spaces 

2,a8s 

2.4 sec. 

4.8 sec. 

2,28s 

2.4 

4.8 

2,275 

2.4 

4.8 

2,32s 

2.4 

4.8 

2,32s 

2.6 

4.8 

2.32s 

2.2 

4.8 

2,36s 

2.4 

4.8 

2,312 

2.4 

4.8 


Mean time for .155 cm, =4. 8 sec. 
«,=3.4«Xio-oxg^x(^)’ 

“I 3 - 77 XIO-M 

Therefore 13 . 8sX 

-4.59X10-10. 


Distance between plates . 545 cm. 
Measured distance of fall . 155 cm. 


Volts 

Time 
z Space 

Time 

3 Spaces 

2,36s 

1.8 sec. 

4.0 sec. 

2,36s 

1.8 

4.0 

2,36s 

2.2 

3-8 

2,36s 

1.8 

4.0 

2,395 

2.0 

4.0 

2,39s 

2.0 

4.0 

2,395 

2.0 

3.8 

2,36s 

1.8 

4.0 

2,36s 

1.8 

4.0 

2,36s 

1.8 

4.0 

2,374 

1.90 

3.96 


Mean time for .155 cm, -a. 91 sec 

«4-3.4aaXio-»X^2^x(^)* 

*4-Sa \3-9*/ 

-18.25X10-10 
Therefore c — 18 . 25 4-4 


-4.56X10'’*®. 

TABLE in 


Series 

Charge 

Value of e 

Weight 

Assigned 

I 

3« 

4.59 

7 

2 

4« 

4.36 

7 

3 

2 e 

4.64 

6 

4 

S« 

483 

4 

5 

2 e 

4.87 

X 

6 

6e 

4.69 

3 


Simple mean e— 4.70X10— *0 
Weighted mean e— 4.65Xio-*o 
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earliest measurements on the charges carried by in£- 
viduaJ particles. 

In connection with these experiments I chanced to 
observe a phenomenon which interested me very much 
at the time and suggested quite new possibilities. While 
working with these “balanced drops” I noticed on sev- 
eral occasions on which I had failed to screen off the rays 
from the radium that now and then one of them would 
suddenly change its charge and begin to move up or 
down in the field, evidently because it had captured in 
the one case a positive, in the other a negative, ion. This 
opened up the possibility of measuring with certainty, 
not merely the charges on individual droplets as I had 
been doing, but the charge carried by a single atmos- 
pheric ion. For by taking two speed measurements on the 
same drop, one before and one after it had caught an ion, I 
could obviously diminate entirdy the properties of the drop 
and of the medium and deal with a quantity which was pro- 
portional tnerdy to the charge on the captured ion itsdf. 

Accordingly, in the fall of 1909 there was started the 
series of experiments described in the succeeding chapter. 

The problem' had already been so nearly solved by 
the work with the •water droplets that there seemed no 
possibility of failure. It was only necessary to get a 
charged droplet entirely free from evaporation into the 
space between the plates of a horizontal air condenser 
and then, by alternately thro'wing on and off an dectrical 
field, to keep this droplet padng its beat up and down 
between the plates until it could catch an atmospheric 
ion in just the way I had already seen the water droplets 
do. The change in the speed in the fidd would then be 
exactly proportional to the charge on the ion aq>tured. 



CHAPTER IV 


GENERAL PROOF OF THE ATOMIC NATURE OF 
ELECTRICITY 

Although the “balanced-droplet method” just de- 
scribed had eliminated the chief sources of uncertainty 
which inhered in preceding work on e and had made it 
possible to assert with much confidence that the unit 
charge was a real physical entity and not merely a 
“statistical mean,” it was yet very far from an exact 
method of studying the properties of gaseous ions. The 
sources of error or uncertainty which still inhered in it 
arose from (i) the lack of stagnancy in the air through 
which'the drop moved; (2) the lack of perfect uniformity 
of the electrical field used; (3) the gradual evaporation 
of the drops, rendering it impossible to hold a given drop 
under observation for more than a minute or to time a 
drop as it fell under gravity alone through a period of 
more than five or six seconds; and (4) the assumption 
of the validity of Stokes’s Law. 

The method which was devised to replace it was not 
only entirely free from aU of these limitations, but it 
constituted an entirely new way of study ing ionization 
and one which at once yielded important results in a 
considerable number of directions. This chapter deals 
with some of these by-products of the determination of 
e which are of even more fundamental interest and 
importance than the mere discovery of the exact size of 
the electron. 
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I. ISOLATION OF INDIVIDUAL IONS AND MEASUREMENT 
OF THEER RELATIVE CHARGES 

In order to compare the charges on different ions, the 
procedure adopted was to blow with an ordinary com- 
mercial atomizer an oil spray into the chamber C (Fig. 3). 



The air with which this spray was blown was first ren- 
dered dust-free by passage tiurough a tube containing 
glass wool. The minute droplets of oil constituting the 
spray, most of them having a radius of the order of a 
one-thousandth of a millimeter, slowly fell in the cham- 
ber C, and occasionally one of them would find its way 
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through the minute pinhole ^ in the middle of the circular 
brass plate M, 22 cm. in diameter, which formed one of 
the plates of the air condenser. The other plate, N, was 
held 16 mm. beneath it by three ebonite posts a. By 
means of the switch 5 these plates could be charged, the 
one positively and the other negatively, by making them 
the terminals of a io,ooo-volt storage battery J 5 , while 
throwing the swit<^ the other way (to the left) short- 
drcuited them and reduced the field between them tozero. 
The oil droplets which entered at f were illuminated by a 
powerful beam of light which passed through diametri- 
cally opposite windows in the encircling ebonite strip c. 
As viewed through a third window in <; on the side toward 
the reader, it appeared as a bright star on a black back- 
ground. These droplets which entered p were found in 
general to have been strongly charged by the frictional 
process involved in blowing &e spray, so that when the 
field was thrown on in the proper direction they would 
be pulled up toward M. Just before the drop under 
observation could strike M the plates woxild be short- 
circuited and the drop allowed to fall under gravity until 
it was close to when the direction of motion would 
be again reversed by throwing on the field. In this way 
the drop would be kept traveling back and forth between 
the plates. The first time the experiment was tried an 
ion was caught within a few minutes, and the fact of its 
capture was signaled to the observer by the change 
in the speed with which it moved up when the field was 
on. The significance of the experiment can best be 
appreciated by examination of the complete record of 
one of the early e^eriments when the timing don e 
merely with a stop watch. 
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The column headed t, gives the successive times which 
the droplet required to fall between two fixed cross-hairs 
in the observing telescope whose distance apart corre- 
sponded in this case to an actual distance of fall of 
. 5222 cm. It will be seen that these numbers are all the 
same within the limits of error of a stop-watch measure- 
ment. The column marked ip gives the successive times 

TABLE IV 


13.6 

12. S 

I3S 

12.4 

13-4 

21.8 

13.4 

34.8 

136 

84.5 

13.6 

8s 5 

13*7 

34.6 

13 s 

34-8 

13 s 

16.0 

13.8 

34-8 

13*7 

34-6 

t 3.8 

31.9 

13-6 


I 3 -S 


13*4 


13.8 


13-4 



Mean 13.595 

which the droplet required to rise under the influence of 
the electrical field produced by applying in this case 
5,051 volts of potential difference to the plates M and N. 
It will be seen that after the second trip up, the time 
changed from 12.4 to 21.8, indicating, since in this case 
the drop was positive, that a negative ion had been 
caught from the air. The next time recorded under tp, 
namely, 34.8, indicates that another negative ion had 
been caught. The next time, 84. 5, indicates the capture 
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of still another negative ion. This charge was held 
for two, trips, when the speed changed back again to 
34.6, showing that a positive ion had now been caught 
which carried precisely the same charge as the negative 
ion which before caused the inverse change in time, i.e., 
that from 34.8 to 84.5. 

In order to obtain some of the most important con- 
sequences of this and other similar experiments we 
need make no assiunption further than this, that the 
velocity with which the drop moves is proportional to 
the force acting upon it and is independent of the elec- 
trical charge which it carries. Fortunately this assump- 
tion can be put to very delicate experimental test, as will 
presently be shown, but introducing it for the time being 
as a mere assumption, as Townsend, Thomson, and 
Wilson had done before, we get 


h 

Va 


— or ft. = ^ (Vi+Sa) 


Fen— mg 


(9) 


ITie negative sign is used in the denominator because 
will for convemence be taken as positive when the drop 
is going up in the direction of F, while Vt will be taken 
as positive when it is going down in the direction of g. 
Cn denotes the charge on the drop, and must not be con- 
fus^ with the charge on an ion. If now by the capture 
of an ion the drop changes its charge from e, to then 
the value of the captured charge is 


ei-en‘—en=^{t',—Va) (10) 

and since is a constant for this drop, any charge 
which it may capture will always be proportional to 
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2^2), that is, to the change produced in the velocity 
in the field F by the captured ion. The successive values 
of V2 and of z;2), these latter being obtained by sub- 
tracting successive values of the velocities given under v^, 
are shown in Table V. 

TABLE V 

©2) 


12.45 


= . 04196 


.5222 

^=.02390 


.5222 

34.7 


= .01505 


.5222 

^=.006144 


.5222 

34-7 


= .01505 


.5222 

16,0 


= .03264 


.5222 

34-7 


= .01505 


•5222 _ 


21.85 


= . 02390 


. oi8o6-i“ 2 = . 00903 
.00885-5-1= .00885 
00891 -M= 00891 
.00891-5-1= .00891 
• 01759-5-2= .00880 
.01759-5- 2 =.00880 
.00891-5-1= .00891 


It will be seen from the last column that within the 
limits of error of a stop-watch measurement, all the 
charges captured have exactly the same value save in 
three cases. In all of these three the captured charges 
were just twice as large as those appearing in the other 
changes. Relationships of exactly this sort have been 
found to hold absolutely without exception, no matter 
in what gas the drops have been suspended or what sort 
of droplets were used upon which to catch the ions. In 
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many cases a given drop has been held under observation 
for five or six hours at a time and has been seen to catch 
not eight or ten ions, as in the experiment above, but 
himdreds of them. Indeed, I have observed, all told, the 
capture of many thousands of ions in this way, and in 
no case have I ever found one the charge of which, when 
tested as above, did not have either exactly the value of 
the smallest charge ever captured or else a very small 
multiple of that value. Mere, then, is direct, unimpeachable 
proof that the dectron is not a “statistical mean,” but that 
■rather the electrical charges found on ions all have either ex- 
actty the same value or else small exact multiples of that value. 

n. PROOF THAT ALL STATIC CHARGES BOTH ON 
CONDUCTORS AND INSULATORS ARE BUILT 
UP OF ELECTRONS 

The foregoing experiment leads, however, to results 
of much more fundamental importance than that men- 
tioned in the preceding section. The charge which the 
droplet had when it first came under observation had 
been acquired, not by the capture of ions from the air, 
but by the ordinary frictional process involved in blow- 
ing the spray. If then ordinary static diaiges are buUt 
up of electrons, this charge should be found to be an 
«act multiple of the ionic charge which had been found 
from the most reliable measurement shown in Table V 
to be proportional to the velocity .00891. This inirial 
charge e^ on the drop is seen from equations (9) and (10) 
to bear the same relation to which the ionic 

cii^rge e, bears to {vi—v^. Now, => . 5222 / 13 . 595 
— .03842, hence ®i”t*®a=.o3842-l-, 04196®“. 08038. Di- 
viding this by 9 we obtain . 008931, which is within about 



ATOMIC NATURE OF ELECTRICITY 73 

one-fifth of i per cent of the value found in the last 
colunm of Table V as the smallest charge carried by an 
ion. Our experiment has then given us for the first time 
a means of comparing a frictional charge with the ionic 
charge, and the frictional charge has in this instance been 
found to contain exactly g electrons. A more exact means 
of making this comparison will be given presently, but 
suffice it to say here that experiments like the foregoing 
have now been tried on thousands of drops in different 
media, some of the drops being made of non-conductors 
like oil, some of semi-conductors like glycerin, some of 
excellent metallic conductors like mercury. In every 
case, without a single exception, the initial charge placed 
upon the drop by the frictional process, and aU of the 
dozen or more charges which have resulted from the 
capture by the drop of a larger or smaller number of 
ions, have been found to be exact multiples of the smaU- 
est charge caught from the air. Some of these drops 
have started with no charge at all, and one, two, three, 
four, five, and six elementary charges or electrons have 
been picked up. Others have started with seven or 
eight units, others with twenty, others with fifty, others 
with a hvmdred, others with a hundred and fifty elemen- 
tary units, and have picked up in each case a dozen or 
two of elementary charges on either side of the starting- 
point, so that, in all, drops containing every possible num- 
ber of electrons between one and one hundred and fifty 
have been observed and the number of electrons which 
each drop carried has been accurately counted by the 
method described. When the number is less than fifty 
there is not a whit more uncertainty about this count 
than there is in counting one’s own fingers and toes. It 
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is not found possible to detennine with certainty the 
nmnber of electrons in a charge containing more than 
one hundred or two hundred of them, for the simple 
reason that the method of measurement used fails to 
detect the difference between 200 and 201, that is, we 
cannot m^sure with an accuracy greater than 

one-half of i per cent. But it is quite inconceivable that 
large charges such as are dealt with in commercial appli- 
cations of electricity can be built up in an essentially 
different way from that in which the small charges whose 
electrons we are able to count are found to be. Further- 
more, since it has been definitely proved that an electrical 
current is nothing but the motion of an electrical charge 
over or through a conductor, it is evident that the 
experiments under consideration furnish not only the 
most direct and convincing of evidence that all electrical 
charges are built up out of these very units which we 
have been dealing with as individuals in these experi- 
ments, but that all electrical currents consist merely in 
the transport of these electrons through the conducting 
bodies. 

In order to show the beauty and precision with which 
these multiple relationships stand out in all experiments 
of this kind, a table corresponding to much more precise 
measurements than those given heretofore is here intro- 
duced (Table VI). The time of fall and rise shown in 
the first and second columns were taken with a Hipp 
chronoscope reading to one-thousandth of a second. 
The third column gives the reciprocals of these times. 
These are used in place of the velocities % in the field, 
since distance of fall and rise is alwa}^ the Xhe 

iourth column gives the successive changes in speed due 
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to the capture of ions. These ako are expressed merdy 
as time redprocak. For reasons which wO be ftv pIainpH 
in the next section, each one of these changes may corre- 
spond to the capture of not merdy one but of several dk- 
tinct ions. The numbers in the fifth column represent 

TABLE VI 






H 

199 

HH 



Sec, 

Sec. 


V'F ip) 

B 



» 


XI.848 

Z1.890 

iz.go8 

IZ.904 

II 882 

11.006 

ZI.838 

11.816 

11.776 

11.840 

11.004 

11.870 

ll:W, 

ZZ.846 
ZX.912 
ZI.910 
II. 018 

11.870 
XI. 888 

80.708 
aa.366) 
22.390 > 
22.368] 
140 5651 
79 6001 
34.7^4 

34.702 
34.846 
29.286I 
29 236/ 
137.308 

34 638 

22.104! 

22.268/ 

500.1 

19 704! 
19 668( 
77.6301 
77 806/ 
42 30a 

.01236 

.04470 

.007192 r 

.01254 

.02870 * 

03414 1 
0072681^ 

.02^4 /i 

.04507 , 

.002000 

.05079 . 

.01285 { 
.02364 / 

.03234 

. 0375 * 

,005348 

.01616 

.026872 

.021572 

01623 

.04307 

.04879 

•03794 

.0x079 

1 

I 

.005390 

.005358 

.005348 

.005387 

.005375 

•005393 

.0054x0 

.005384 

.005421 

.005420 

.005395 ' 

.09655 

.12887 

.09138 

.09673 

.11289 

.11833 

.09x46 

.X1303 

.12926 

.08619 

.13498 

.09704 

10783 

18 

24 

s 

21 

22 

17 

21 

24 

16 

25 

18 

20 

.005366 

.005371 

.005375 

.005374 

.005376 

.005379 

.005380 

.005382 

.005386 

.005387 

.005399 

.005390 

.005392 

II 880 **" 



Means 

■ 

005386 



.005384 


Duration of exp. 
Plate distance 
Fall distance 
Initial volts 
Final volts 


-4.5 rain. 
■10 ram. 
■■10. ai mm. 
*5,088 8 
*5,o8x.a 


Pressure 
Oil density 
Air viscosity 
Radius (a) 


Temperature 


c 

*aa .82* C Speed of fall, 

111-4.991 Xro-w 


- 75 . < 5 * cm. 

- 9190 

»i,824Xio“» 

- .000376 cm, 

-.034 

- .08584 cm./iec. 


simply the small integer by which it k found that the 
numbers in the fourth column must be divided in order 
to obtain the numbers in the sixth column. These wUl 
be seen to be exactly alike within the limits of error of the 
experiment. The mean value at the bottom of the sixth 
column represents, then, the smallest charge ever cau^t 
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from the air, that is, it is the elementary ionic charge. 
The seventh coliunn gives the successive values of »i+»a 
expressed as reciprocal times. These numbers, then, rep- 
resent the successive values of the total charge carried by 
the droplet. The eighth column gives the integers by 
which the numbers in the seventh column must be 
divided to obtain the numbers in the last column. These 
also will be seen to be invariable. The mean at the 
bottom of the last column represents, then, the electrical 
unit out of which the frictional charge on the droplet was 
built up, and it is seen to he identical with the ionic charge 
represented by the number at the hoUom of the sixth column. 

It may be of interest to introduce one further table 
(Table VII) arranged in a slightly different way to show 

TABLE vn 


n 

4 917X11 

Observed 

Charge 


4 . 9 X 7 X»* 

Observed 

Cbirge 

I 

4.917 

9 834 

14.7s 

19.66 

24.59 

29,50 

34.42 

39.34 

44.25 


10 ^ 

49-17 

54-09 

59.00 

63.92 

68.84 

49. 41 
53.91 

59- *2 
63.68 
68,6s 

78.34 

83.22 

2 


II . . . t , 1 1 1 

3 


12. t 

4 

19.66 

24.60 

29.62 

34.47 

39 38 
44.4a 

12 

5 

lA - * . 

6 

I? 

7 

16 - , - - , . 

8 

17 

9 

18 





how infalhbly the atomic structure of electricity follows 
from experiments like those under consideration. 

In this table 4.917 is merely a number obtained 
precisely as above from the change in speed due to the 
capture of ions and one which is proportioiuil in this 
experiment to the ionic charge. The column headed 
4.9i7X« contains simply the whole series of exact mul- 







ATOMIC NATURE OF ELECTRICITy 77 


tiples of this number from i to i8. The column headed 
“Observed Charge” gives the successive observed values 
of (»i+J>a). It will be seen that during the time of obser 
vation, about four hours, this drop carried all possible 
multiples of the elementary charge from 4 to 18, save only 
15. ' No more exact or more consistent multiple relationship 
is found in the data which chemists have amassed on the 
combining powers of the dements and on which the atomu 
theory of matter rests than is found in the foregoing numbers. 

Such tables as these— and scores of them could b< 
given — place beyond all question the view that an 
electrical charge wherever it is found, whether on an 
insulator or a conductor, whether in electrolytes or in 
metals, has a definite granular structure, that it consists 
of an exact number of specks of electricity (electrons) all 
exactly alike, which in static phenomena are scat- 
tered over the surface of the charged body and in current 
phenomena are drifting along the conductor. Instead 
of giving up, as Maxwell thought we should some day do, 
the “provisional h3q)othesis of molecular charges,” we 
find ourselves obliged to make all our interpretations of 
electrical phenomena, metallic as weU as electrolytic, in 
terms of it. 

m. MECHANISM OE CHANGE OE CHARGE OF A DROP 

All of the changes of charge shown in Table IV were 
spontaneous changes, and it has been assumed that all 
of these changes were produced by the captiure of ions 
from the air. When a negative drop suddenly increases 
its speed in the field, that is, takes on a larger charge of 
its own kind than it has been carrying, there seems to be 
no other conceivable way in which the change can be 
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produced. But when the charge suddenly decreases there 
is no a priori reason for thinking that the change may not 
be due as well to the direct loss of a portion of the charge 
as to the neutralization of this same amount of electricity 
by the capture of a charge of opposite sign. That, how- 
ever, the changes do actually occur, when no X-rays or 
radioactive rays are passing between the plates, only by 
the capture of ions from the air, was rendered probable by 
the fact that drops not too heavily charged showed the 
same tendency on the whole to increase as to decrease in 
charge. This should not have been the case if there were 
two causes tending to decrease the charge, namely, direct 
loss and the capture of opposite ions, as against one tend- 
ing to inaease it, namely, capture of like ions. The 
matter was very convincingly settled, however, by mak- 
ing observations when the gas pressures were as low as 
3 or 3 mm. of mercury. Since the number of ions present 
in a gas is in general directly proportional to the pressure, 
spontaneous changes in charge should almost never occur 
at these low pressures; in fact, it was found that drops 
could be held for hours at a time without changing. The 
frequency with which the changes occur decreases regu- 
larly with the pressure, as it should if the changes are 
due to the capture of ions. For the number of ions 
formed by a given ionizing agent must vary directly as 
the pressure. 

Again, the changes do not, in general, occur when the 
electrical field is on, for then '^e ions are driven instantly 
to the plates as soon as formed, at a speed of, say, 
10,000 cm. per second, and so do not have any oppor- 
tunity to accumulate in the space between them. When 
the field is off, however, they do so accumulate, until, in 
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ordinary air, they reach the number of, say, 20,000 per 
cubic centimeter. These ions, being endowed with the 
kinetic energy of agitation characteristic of the tempera- 
ture, wander rapidly through the gas and become a part 
of the drop as soon as they impinge upon it. It was thus 
that aU the changes recorded in Table IV took place. 

It is possible, however, so to control the changes as 
to place electrons of just such sign as one wishes, and of 
just such number as one wishes, within limits, upon a 
given drop. If, for example, it is desired to place a posi- 
tive electron upon a given drop the latter is held with 
the aid of the field fairly close to the negative plate, say 
the upper plate; then an ionizing agent— -X-rays or 
radimn — ^is arranged to produce uniform ionization in 
the gas between the plates. Since now all the positive 
ions move up while the negatives move down, the drop 
is in a shower of positive ions, and if the ionization is 
intense enough the drop is sure to be hit. In this way 
a positive charge of almost any desired strength may be 
placed upon the drop. 

Similarly, in order to throw a negative ion or ions 
upon the drop it is held by the field close to the lower, 
i.e., to the positive, plate in a shower of negative ions 
produced by the X-rays. It was in this way that most 
of the changes shown in Table VI were brought about. 
This accounts for the fact that they correspond in some 
instances to the capture of as many as six electrons. 

When X-rays are allowed to fall directly upon the 
drop itself the change in charge may occur, not merely 
because of the capture of ions, but also because the rays 
eject beta particles, i.e., negative electrons, from the 
molecules of the drop. That changes in charge were 
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actually produced in this way in otur experiments was 
proved conclusively in 1910 by the fact that when the 
pressure was reduced to a very low value and X-rays 
were allowed to pass through the air containing the drop, 
the latter would change readily in the direction of increas- 
ing positive or decreasing negative charge, but it could 
almost never be made to change in the opposite direc- 
tion. This is because at these low pressures the rays 
can find very few gas molecules to ionize, while they 
detach negative electrons from the drop as easily as at 
atmospheric pressure. This experiment proved directly 
that the charge carried by an ion in gases is the same as the 
charge on the beta or cathode-ray particle. 

When it was desired to avoid the direct loss of nega- 
tive electrons by the drop, we arranged lead screens so 
that the drop itself would not be illuminated by the rays, 
although the gas underneath it was ionized by them.* 

IV. DIRECT OBSERVATION OE THE KINETIC ENERGY OF 
AGITATION OE A MOLECULE 

I have already remarked that when a drop carries 
but a small number of electrons it appears to cat<di ions 
of its own sign as rapidly as those of opposite signs — a 
result which seems strange at first, since the ions of 
opposite sign must be attracted, while those of like sign 
must be repelled. Whence, then, does the ion obtain the 
energy which enables it to push itself up against this 
electrostatic repulsion and attach itself to a drop already 
strongly charged with its own kind of electricity ? It 
caimot obtain it from the field, since the phenomenon of 
capture occurs when the field is not on. It cannot 

> Set Phu. Mag., XXI (1911), 757. 
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obtain it from any explosive process which frees the ion 
from the molecule at the instant of ionization, since 
in this case, too, ions would be caught as well, or 
nearly as well, when the field is on as when it is off. Here, 
then, is an absolutely direct proof that the ion must be 
endowed with a kinetic energy of agitation which is 
sufficient to push it up to the surface of the drop against 
the electrostatic repulsion of the charge on the drop. 

This energy may easily be computed as follows : Let 
us take a drop, such as was used in one of these esperi- 
ments, of radius . 000197 cm. The potential at the sinr- 
face of a charged sphere can be shown to be the charge 
divided by the radius. The value of the elementary 
electrical charge obtained from the best observations of 
this lype, is 4.80X10“®* absolute electrostatic units. 
Hence the energy required to drive an ion carrying the 
elementary charge e up to the surface of a charged sphere 
of radius r, carrying 16 elementary charges, is 

16X (4.8oXio:»);^^ ^ ergs 

r .000197 

Now, the kinetic energy of agitation of a molecule as 
deduced from the value of e heremth obtained, and the 
kinetic theory equation, p=\nmd‘, is S.ysXio”*^ ergs. 
According to the Maxwell-Boltzmann Law of the parti- 
tion of energy, which certainly holds in gases, this ^ould 
also be the kinetic energy of agitation of an ion. It will 
be seen that the value of this energy is approximately 
three times that required to push a single ion up to the 
surface of the drop in question. Hence the electrostatic 
forces due to 16 electrons on the drop are too weak to 
exert much influence upon the motion of an approaching 
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ion. But if it were possible to load up a drop with 
negative electridly until the potential energy of its 
charge were about three times as great as that computed 
above for this drop, then the phenomenon here observed 
of the catching of new negative ions by such a negatively 
charged drop should not take place, save in the excep- 
tional case in which an ion might acquire an energy 
of agitation considerably larger than the mean value. 
Now, as a matter of fact, it was regularly observed that 
the heavily charged drops had a very much smaller tend- 
en<y to pick up new negative ions than the more lightly 
charged drops, and, in one instance, we watched for four 
hours another negatively charged drop of radius 
.000658 cm., which carried charges var3dng from 126 to 
150 elementary units, and which therefore had a poten- 
tial energy of charge (computed’ as above on the assump- 
tion of uniform distribution) varying from 4. 6X io“** to 
5 . 47X io“*^. In aU that time this drop picked up but one 
single negative ion when the field was off, and that 
de^ite the fact that the ionization was several times 
more intense than in the case of the drop of Table 1 . 
Positive ions too were being caught at almost every trip 
down under gravity. (The strong negative charge on 
the drop was maintained by forcing on native ions by 
the field as explained above.) 

V. POSITIVE AND NEGATIVE ELECTRON’S EXACTXV EQUAL 

The idea has at various times been put forth in con- 
nection with attempts to explain chemical and cohesive 
forces from the standpoint of electrostatic attractions 
that the positive and negative charges in a so-caUed 
neutral atom may not after all be exactly equal, in other 
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words, that there is really no such thing as an entirely 
neutral atom or molecule. As a matter of fact, it is 
difficult to find decisive tests of this hypothesis. The 
present experiments, however, make possible the follow- 
ing sort of test. I loaded a given drop first with negative 
electrons and took ten or twelve observations of rise and 
fall, then with the aid Gf X-rays, by the method indicated 
in the last section, I reversed the sign of the charge on 
the drop and took a corresponding n\unber of observa- 
tions of rise and fall, and so continued observing first the 
value of the negative electron and then that of the posi- 
tive. Table VIII shows a set of such observations taken 
in air with a view to subjecting this point to as rigorous a 
test as possible. Similar, though not quite so elaborate, 
observations have been made in hydrogen with the same 
result. The table shows in the first column the sign of 
the charge; in the second the successive values of the 
time of fall under gravity; in the third the successive 
times of rise in the field F; in the fourth the number of 
electrons carried by the drop for each value of h,' and in 
the fifth the number, characteristic of this drop, which 
is proportional to the charge of one electron. This num- 
ber is obtained precisely as in the two preceding tables 
by find in g the greatest common divisor of the successive 
values of (5i+»*) and then multiplying this by an 
arbitrary constant which has nothing to do with the 
present esperimait and hence need not concern us here 
(see chap. v). 

It be seen that though the times of fall and of 
even when the same number of electrons is carried 
by the drop, change a trifle because of a very sli^t 
evaporation and also because of the fall in the potential 
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TABLE Vra 


Sign of Drop 

A 

Sec. 

n 

e 


63.118 

63.050 

63 . 186 

41 728' 


8 



63 332 

41.590. 

r 


— 

62 328 

: 




62.T28 

25 740 

1 


tfx-6.713 


62 926 

25-798 


11 



62.900 

25.510 




63.214 

2S.8o6j 





Mean **62. 976 





63 538 

22.694^ 





63.244 

22.830j 

r 




63.114 

25.870' 





63 . 242 

25 876 


11 



63 . 362 

25.484J 




+ 

63.136 

63 . 226 

10.830 

10.682 



ex ■•6.692 


63,764 

10.756 


22 



63 280 

10.778 




63-530 

10.672 





63 . 268 

10.646 





Mean « 63. 325 





63 . 642 

63 . 020 

71.664I 


£ 



62.820 

71.248; 


0 



63 S14 

52.668] 




+ 

63.312 

52 800 





63.776 

52.496 



ex -•6. 702 


63 300 

52. 860 J 




63.156 

63.126 

71 . 708 

H 



Mean =63 407 


m 
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TABLE Yl\l.—Ctntiwted 


Sijoi of Drop 


Sec. 

n 



63 . 228 
63.294 
63.184 

42.006 

41.920 

42.108^ 


8 


- 

63.260 

63.478 

63.074 

63.306 

S3- 210' 
52.922 
S3 034 

S3-438J 


7 

61-6.686 


63.414 

63.450 

63.446 

63.556 

12.888’ 
12.812 1 
12.7481 
X2.824J 

■ 

19 



Mean=63.33S 





Duration of experiment i hr. 40 min 
Initial volts =1723.5 
Final volts = 1702. i 
Pressure » 53.48 cm. 

of the battery, yet the mean value of the positive elec- 
tron, namely, 6.697, agrees with the mean value of the 
negative electron, namely, 6.700, to within less than 
I part in 2,000. Since this is about the limit of the 
experimental error (the probable error by least squares 
is I part in 1,500), we may with certainty conchide that 
there are no differences of more than this amount between 
tive values of the positive and negative electrons. This is 
the best evidence I am aware of for the exact neutrality 
of the ordinary molecules of gases. Such neutrality, if 
it is actually exact, would seem to preclude the possi- 
bility of explaining gravitation as a result of electrostatic 
forces of any kind. The electromagnetic effect of mov- 
bg charges might, however, still be called upon for 
this purpose. 


Mean e+»6.697 
Mean ■6.700 
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VI. RESISTANCE OE MEDIOTI TO MOTION OE DROP THROUGH 
IT THE SAME WHEN DROP IS CHARGED AS WHEN 
UNCHARGED 

A second and equally important conclusion can be 
drawn from Table VET. It will be seen from the column 
headed that during the whole of the time corre- 
q)onding to the observations in the tliird group from 
the top the drop carried either 6 or 7 electrons, while, 
duimg the last half of the time corresponding to the 
observations in the second group from the top, it 
carried three times as many, namely, 22 electrons. 
Yet the mean times of fall under gravity in the two 
groups agree to within about one part in one thousand. 
The time of fall corresponding to the heavier charge 
happens in this case to be the smaller of the two. 
We may conclude, therefore, that in these experiments the 
resistance which the medium offers to the motion oj a body 
through it is not sensibly increased when the body becomes 
electrically charged. This demonstrates experimentally the 
exact validity for this work of the assumption made on 
p. 7 ® thal the velocity of the drop is strictly propor- 
tional to the force acting upon it, whether it is charged or 
uncharged. 

The result is at first somewhat surprising since, 
according to Sutherland’s theory of the small ion, the 
small mobility or diffusivity of charged molecules, as 
compared with uncharged, is due to the additional resist- 
ance which the medium offers to the motion through it 
of a charged molecule. This additional resistance is 
due to the fact that the charge on a molecule drags 
into collision with it more molecules than would other- 
wise hit it. But with oil drops of the sizes here used 
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50X10“*)- the total number of molecuto collisions 
against the surface of the drop is so huge that even 
though the small number of charges on it might produce 
a few more collisions, their number would be negligible 
in comparison with the total number. At any rate the 
e 3 q)eriment demonstrates conclusively that the charges 
on. our oil drops do not influence the resistance of the 
medium to the motion of the drop. This conclusion 
might also have been drawn from the dafta contained in 
Table* VI. The evidence for its absolute correctness has 
bfen /nade more convincing still by a comparison of 
drops' which carried but i charge and those which 
carried as many as 68 unit charges. Further, I have 
observed the rate of fall under gravity of droplets 
which were completely discharged, and in every case 
that I have ever tried I have found this rate pre- 
cisely the same, within the limits of error of the 
toe measurements, as when it carried 8 or 10 unit 
charges. 


vn. DROPS ACT LIKE RIGID SPHERES 

It was of very great importance for the work, an ac- 
count of which will be given in the next chapter to deter- 
mine whether the drops ever suffer — either because of 
^eir motion through a resisting medium, or because of 
the electrical field in which they are placed — any appre- 
ciate distortion from the spherical form which a freely 
suspended Kquid drop must assume. The complete 
experimental answer to this query is contained in the 
agreement of the means at the bottom of the last and 
the third from the last columns in Table VI and in 
similar agreements shown in many other tables, which 
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may be found in the original articles.* Since - is in this 

I ** 

experiment large compared to — , the value of tlie greatest 

tp 

common divisor at the bottom of the last column of 


Table VI is determined almost wholly by the rate of fall 
of the particle under gravity when there is no field at all 
between the plates, while the velocity at the bottom of 
the third from the last column is a difference between two 


velocities in a strong electrical field. If, therefore, the 
drop were distorted by the electrical field, so that it 
exposed a larger surface to the resistance of the medium 
than when it had the spherical form, the velocity due to 
a given force, that is, the velocity given at tire bottom of 
the third from the last column, would be less than that 
found at the bottom of the last column, which corre- 
sponds to motions when the drop certainly was spherical. 

Furthermore, if the drops were distorted by their 
motion through the medium, then this distortion would 
be greater for high speeds than for low, and consequently 
the numbers in the third from the last column would be 
consistently larger for high speeds than for low. No 
such variation of these numbers witli speed is apparent 
either in Table VI or in other similar tables. 

We have then in the exactness and invariableness of 
the multiple relations shown by successive differences in 
speed and the successive sums of the speeds in the third 
from the last and the last columns of Table VI complete 
experimental proof that in this work the droplets act 
under all circumstances like undeformed spheres. It is 
of interest that Professor Hadamard,® of the University of 


'Phys.Rai., Series i, XXXII (1911), 349; Series a, II (1913}, 109. 
* Comptes rendus (igii), 173s* 
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Paris, and Professor Lunn,* of the University of Chicago, 
have both shown from theoretical considerations that 
this would be the case with oil drops as minute as those 
with which these experiments deal, so that the conclu- 
sion may now be considered as very firmly established 
both by the experimentalist and the theorist. 

* Phys, Rev,, XXXV (1912), 227. 



CHAPTER V 

THE EXACT EVALUATION OF « 

I. DISCOVERY OE THE FAILURE OF STOKES’S LAW 

Although complete evidence for the atomic nature of 
electricity is found in the fact that all of the diarges 
which can be placed upon a body as measured by the 
sum of speeds »i+»a, and all the changes of charge which 
this body can undergo as measured by the differences of 
speed (vi—Va) are invariably found to be exact multiples 
of a particular speed, yet there is something still to be 
desired if we must express this greatest common divisor 
of aU the observed series of speeds merely as a velocity 
which is a characteristic constant of each particular drop 
but which varies from drop to drop. We ought rather 
to be able to reduce this greatest common divisor to 
electrical terms by finding the proportionality factor 
between speed and charge, and, that done, we should, of 
course, expect to find that the charge came out a uni- 
versal constant independent of the size or Hnd of drop 
e^erimented upon. The attempt to do this by the 
method which I had used in the case of jthe water drops 
(P- SS)> namely', by the assumption of Stokes’s Law, 
heretofore taken for granted by all observers, led to the 
interesting discovery that this law is not valid.* Accord- 

‘Cunningham {JProc. Roy. Soc., LXXXIII [1910], 35?) and the 
author came independently to the conclusion as to ^e invalidity of 
Stokes’s Law, he from theoretical considerations devel(^>ed at about the 
same time, I from my experimental work. 


Art 
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ing to this law the rate of fall of a spherical drop under 
gravity, namely, is given by 

(ii) 

in which jj is the viscosity of the medium, a the radius 
and <r the density of the drop, and p the density of the 
medium. This last quantity was neglected in (6), p. S5, 
because, with the rough measurements there possible, it 
was useless to take it into account, but with our oil drops 
in dry air aU the other factors could be found with great 
precision. 

When we assume the foregoing equation of Stokes and 
combine it with equation (5) on p. 55, an equation whose 
exact validity was proved experimentally in the last 
chapter, we obtain, after substitution of the purely 
geometrical relation following ex- 

pression for the charge carried by a drop loaded with 
n electrons which we will assume to have been counted 
by the method described: 



According to this equation the elementary charge e, 
should be obtained by substituting in this the greatest 
cominon divisor" of all the observed series of values of 
or of (»J— »a). Thus, if we call this (»i+»a)o> we 

have 

<«) 

But when tbia equation was tested out upon different 
drops, although it yielded perfectly concordant results 
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so long as the different drops all fell with about the same 
speed, when drops of different speeds, and, therefore, of 
different sizes, were used, the values of r, obtained were 
consistently larger the smaller the velocity under gravity. 
For example, tx for one drop for which Vi = . 010S5 cm. per 
second came out 5 . 49X io~”, while for another of almost 
the same speed, namely, i»,= .01176, it came out 5.482; 
but for two drops whose speeds were five times as large, 
namely, .0536 and .0553, Ci came out 5.143 and 5.145, 
respectively. This could mean nothing save that 
Stokes’s Law did not hold for drops of the order of mag- 
nitude here used, something like a= .0002 cm. (see Sec- 
tion IV below), and it was surmised that the reason for 
its failure lay in the fact that the drops were so small that 
tliey could no longer be thought of as moving through 
the air as they would through a continuous homogeneous 
medium, which was the situation contemplated in the 
deduction of Stokes’s Law. This law ought to begin to 
fail as soon as the inhomogeneities in the medium -i.e., 
the distances between the molecules — ^began to be at all 
comparable with the dimensions of the drop. Further- 
more, it is easy to see that as soon as the holes in the 
medium begin to be comparable with the size of the 
drop, the latter must begin to increase its speed, for it 
may then be thought of as beginning to reach the stage 
in which it can fall freely through the holes in the 
medium. This would mean that the observed speed of 
fall would be more and more in excess of that given by 
Stokes’s Law the smaller the drop became. But the 
apparent value of the electronic charge, namely, e,, is 
seen from equation (13) to vary directly with the speed 
(»i+o»)o imparted by a given force. Hence e, should 
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come out larger and larger the smaller the radius of the 
drop, that is, the smaller its velocity under gravity. Now, 
this was exactly the behavior shown consistently by all 
the oil drops studied. Hence it looked as though we had 
discovered, not merely the failure of Stokes’s Law, but 
also the line of approach by means of which it might be 
corrected. 

In order to be certain of our ground, however, we 
were obliged to initiate a whole series of new and some- 
what elaborate experiments. 

These, consisted, first, in finding very exactly what 
is the coefl&cient of viscosity of air under conditions in 
which it may be treated as a homogeneous medium, and, 
second, in finding the limits within which Stokes’s Law 
may be considered valid. 

n. THE COEFFICIENT OF VISCOSITY OF AIR 

The experiments on the coefiicient of viscosity of 
air were carried out in the Ryerson Laboratory by 
Dr. Lachen Gilchrist,* and Dr. I. M. Rapp.* Dr. Gil- 
christ used a method which was in many respects new 
and which may fairly be said to be freer from theo- 
retical uncertainties than any method which has ever 
been used. He estimated that his results should not be 
in error by more than . i or . 2 of i per cent. Dr, Rapp 
used a form of the familiar capillary-tube method, but 
uiider conditions which seemed to adapt it better to an 
absolute evaluation of i\ for air than capillary-tube 
arrangements have ordinarily been. 

' P/jji. Rw., N.S., I, (1913). 1 * 4 - 
itw., N.S„ n (1913). 36.3- 
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These two men, as the result of measurements which 
were in progress for more than two years, obtained final 
means which were in very dose agreement with one 
another as well as with the most careful of preceding 
determinations. It will be seen from Table IX that 

TABLE EX 

for Air 

.00018227 Rapp, Capillary-tube method, 1913 
(Phys. Rev.j II, 363). 

.00018257 Gilchrist, Constant deflection method, 
1913 (Phys, Rev,f I, 124). 

.00018229 Hogg, Damping of oscillating cylin- 
ders, 1905 (Proc, Am, Acad,, XL, 61 1). 
.00018258 Tomlinson, Damping of Swinging Pendu- 
lum, 1886 (PhU, Trans., CLXXVII, 
767). 

.00018332 Grindley and Gibson, Flow through pipe, 
1908 {Proc. Roy. Soc., LXXX, X14). 

Mean... .00018240 

every one of the five different methods whidi have been 
used for the absolute determination of ij for air leads to 
a value that differs by less than one part in one thousand 
from the following mean value, i?,j= .00018840. It was 
conduded, therefore, that we could depend upon the 
value of 17 for the viscosity of air under the conditions of 
our experiment to at least one part in one thousand. 
Late in 1917 Dr. E. Harrington' improved still further 
the apparatus designed by Dr. Gilchrist and the author 
and made with it in the Ryerson Laboratory a deter- 
mination of 7 } which I thought unique in its reliability. 
His value was 17,3 =.000182 26. However, Bii^e {Amer. 

^ Phys, Rev., December, 1916. 
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Jour, of Physics, XIII [1945], 67), while still rating 57 
as the chief factor of uncertainty in the oil-drop value of e, 
chooses as the best value of 77 to date (1946) the mean of 
six new, closely agreeing determinations, viz., 

1723 = 1832.4X10“'' c.g.s. units. 

in. lhhts or validity of stokes’s law 

In the theoretical derivation of Stokes’s Law the 
following five assumptions are made: (i) that the 
inhomogeneities in the medium are small in comparison 
with the size of the sphere; (2) that the sphere falls as 
it would in a medium of unlimited extent; (3) that the 
sphere is smooth and rigid; (4) that there is no slipping 
of the medium over the surface of the sphere; (5) that 
the velocity with which the sphere is moving is so small 
that the resistance to the motion is all due to the vis- 
cosity of the medium and not at all due to the inertia 
of such portion of the media as is being pushed forward 
by the motion of the sphere through it. 

If these conditions were all realized then Stokes’s 
Law ought to hold. Nevertheless, there existed up to 
the year 1910 no experimental work which showed that 
actual experimental results may be accurately predicted 
by means of the unmodified law, and Dr. H. D. Arnold 
accordingly undertook in the Ryerson Laboratory to test 
how accurately the rates of fall of minute spheres through 
water and alcohol might be predicted by means of it. 

His success in these experiments was largdy due to 
the ingenuity whidi he displayed in producing accurately 
spherical droplets of rose-metal. This metal melts at 
about Sz® C. and is quite fluid at the temperature of 
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boiling water. Dr. Arnold placed some of this metal in 
a glass tube drawn to form a capillary at one end and 
suspended the whole of the capillary tube in a glass 
tube some 70 cm. long and 3 cm. in diameter. He then 
filled the large tube with water and applied heat in such 
a way that the upper end was kept at about 100° C., 
while the lower end was at about 60®. He tlaen forced 
the molten metal, by means of compressed air, out 
through the capillary into the hot water. It settled in 
the form of spray, the drops being sufficiently cooled by 
the time they reached the bottom to retain their spherical 
shape. This method depends for its success on the 
relatively slow motion of the spheres and on the small 
temperature gradient of the water through which they 
fall. The slow and uniform cooling tends to produce 
homogeneity of structure, while the low velocities allow 
the retention of very accurately spherical shape. In this 
way Dr. Arnold obtained spheres of radii from . 002 cm. to 
.1 cm., which, when examined under the microscope, were 
found perfectly spherical and practically free from surface 
irregularities. He found that tlie slowest of these drops 
fell in liquids with a speed which could be computed from 
Stokes’s Law with an accuracy of a few tenths of i per 
cent, and he determined experimentally the limits of 
speed through which Stokes’s Law was valid. 

Of the five assumptions underlying Stokes’s Law, 
the first, third, and fourth were altogether satisfied m 
Dr. Arnold’s experiment. The second assumption he 
found sufficiently realized in the case of the very small- 
est drops which he used, but not in the larger ones. The 
question, however, of the effect of the walls of the vessel 
upon the motion of drops through the liquid contained 
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in the vessel had been previously studied with great 
ability by Ladenburg,' who, in working with an exceed- 
ingly viscous oil, namely Venice turpentine, obtained 
a formula by which the effects of the wall on the motion 
might be eliminated. If the medium is contained in a 
cylinder of circular cross-section of radius R and of 
length L, then, according to Ladenburg, the simple 
Stokes formula should be modified to read 

yji 

%(.+«. 4 |)(.+ 3 .. 2 ) ■ 

Arnold found that this formula held accurately in all of 
his experiments in which the walls had any influence on 
the motion. Thus he worked under conditions under 
which all of the first four assumptions underlying 
Stokes's Law were taken care of. This made it possible 
for him to show that the law held rigorously when the 
fifth assumption was realized, and also to find by ^eri- 
ment the limi ts within' which this last assumption might 
be considered as valid. Stokes had aheady found from 
theoretical considerations* that the law would not hold 
nnipiss the radius of the sphere were small in comparison 

with ^ , in which p is the density of the medium, tj its 

viscosity, and v the velocity of the sphere. This radius 
is called the critical radius. But it was not known how 
near it was possible to approach to the critical radius. 
Arnold's experiments showed that the inertia of the 
medium has no appreciable effect upon the rate of 

' Ann. dor Phys., XXII (1907), *87; XXIU (1908), 447. 

• Math, and Phys. Papers^ lH, 59. 
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motion of a sphere so long as the radius of that sp 
is less than . 6 of the critical radius. 

Application of this result to the motion of ou 
drops established the fact that even the very fa: 
drops which we ever observed fell so slowly that 
even a minute error could arise because of the inert, 
the medium. This meant that the fifth condition n< 
sary to the application of Stokes’s Law was fulfi 
Furthermore, our drops were so small that the sec 
condition was also fulfilled, as was shown by the wor 
both Ladenburg and Arnold. The third condition 
proved in the last chapter to be satisfied in our exj 
ments. Since, therefore, Arnold’s work had shown ^ 
accurately that Stokes’s Law does hold when all of 
five conditions are fulfilled, the problem of findir 
formula for replacing Stokes’s Law in the case of 
oil-drop e:q)eriments resolved itself into finding in 
what way the failure of assumptions i and 4 affected 
motion of these drops. 

IV. COKRECXION OP STOKES’S LAW POR INHOMOO: 

KEITIES IN THE MEDIXTM 

The first procedure was to find how badly Stole 
Law failed in the case of our drops. This was dom 
plotting the apparent value of the electron Ct against 
observed speed imder gravity. This gave the ct 
shown in Fig. 4, which shows that though for very sr 
speeds ex varies rapidly with the change in speed, 
speeds larger than that corresponding to the absc 
marked 1,000 there is but a slight dependence of 
speed. This abscissa corresponds to a speed of . x 
per second. We may then conclude that for drops wl 
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are large enough to fall at a rate of i cm. in ten seconds 
or faster, Stokes’s Law needs but a small correction, 
because of the inhomogeneity of the air. 



To finH an exact ejqpression for this correction we may 
proceed as follows: The average distance which a gas 
molecule goes between two collisions with its neighbors, 
a quantity well known and measured with some approach 
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to precision in physics and called “the mean free path” 
of a gas molecule, is obviously a measure of the size of 
the holes in a gaseous medium. Wlien Stokes’s Law 
begins to fail as the size of the drops diminish, it must 
be because the medium ceases to be homogeneous, as 
looked at from the standpoint of the drop, and this 
means simply that the radius of the drop has begun to 
be comparable with the mean size of the holes— a quan- 
tity which we have decided to take as measured by the 
mean free path 1. The increase in the speed of fall over 
that given by Stokes’s Law, when this point is reached, 

must then be some function of In other words, tlie 

d ' 

correct espression for the speed », of a drop falling 
through a gas, instead of being 


as Arnold showed that it was when the holes were neg- 
ligibly small— as the latter are when the drop falls 
through a liquid— should be of the form 



If we were in complete ignorance of the form of the func- 
tion / we could still express it in terms of a series of 
undetermined constants A, B,C, etc., thus 

and so long as the departures from Stokes’s Law were 
small as Fig. 4 |howed them to be for most of our drops, 
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we could neglect the second-order terms in - and have 
therefore , , ® 

(^S) 


Using this corrected form of Stokeses Law to combine 
with (9) (p. 20), we should obviously get the charge 
in just the form in which it is given in (13), save that 
wherever a velocity appears in (13) we should now have 


to insert in place of this velocity , . L And since the 

a 

velocity of the drop appears in the 3/2 power in (13), if 
we denote now by e the absolute value of the electron 
and by Ci, as heretofore, the apparent value obtained 
from the assumption of Stokes’s Law, that is, from the 
use of (13), we obtain at once 



In this equation Cx can always be obtained from (13), 
while f is a known constant, but e, A, and a are all 
unknown. If a can be found our observations permit 
at once of the determination of both e and A, as wiU be 
shown in detail under Section VI (see p. 105). 

However, the possibility of determining e if we know 
a can be seen in a general way without detailed analysis. 
Eof the determination of the radius of the drop is 
equivalent to finitog its weight, since its denaty is 
known. That we' can find the charge on the arop as 
soon as we can determine its weight is clear from the 
simple consideration that the velocity imder gravity is 
proportional to its weight, while the velocity in a given 
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electrical field is proportional to the cha,rge whidi it 
carries. Since we measure these two velocities directly, 
we can obtain eitlier the weight, if we know the charge, 
or the charge, if we know the weight. (See equation 9, 
p. 70.) 

V. WEIGHING THE DROPLET 

The way which was first used for finding the weight 
of the drop was simply to solve Stokes’s uncorrected 
equation (ii) (p. 91) for a in the case of each drop. 
Since the curve of Fig. 4 shows that the departures from 
Stokes’s Law are small except for the extremely slow 
drops, and since a appears in the second power in (ii), it 
is clear that, if we leave out of consideration the very 
slowest drops, (ii) must give us very nearly the correct' 
values of a. We can then find the approximate value 
of A by the method of the next section, and after it is 
found we can solve (15) for the correct value of o. This 
is a method of successive approximations which theo- 
retically yields a and A with any desired degree of pre- 
cision. As a matter of fact the whole correction term, 

.4 - is a small one, so that it is never necessary to make 

more than two approximations to obtain 0 with much 
more precision than is needed for the exact evaluation 
of e. 

As soon as e was fairly accurately known it became 
possible, as indicated above, to make a direct weighing 
of extraordinarily minute bodies with great certainty 
and with a very high degree of precision. For we have 
already shown experimentally that the equation 


5 m. 
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fs a correct one and it involves no assumption whatever 
as to the shape, or size, or material of the particle. If 
we solve this equation for the weight mg of the particle 


we get 


mg=Fe„ 


Pi 

Pi+Pj 


(18) 


In this equation is known with the same precision as e, 
for we have learned how to count ». It will presently be 
shown that e is probably now known with an accuracy 
of one part in a thousand, hence mg can now be deter- 
mined with the same accuracy for any body which can 
be charged up with a counted num^r_» of electrons and 
then pulled up against gravity by a known dectrical 
field, or^ if preferred, simply balanced against gravity 
alter the manner used in the water-drop experiment and 
also in part of the oil-drop work.* This device is simply 
an electrical balance in plaice of a mechanical one, and it 
will weigh accuratdy and easily tHKone tm-biUionth of a 
milligram. 

Fifty years ago it was considered the triumph of 
the instrument-maker’s art that a balanee-had^reen 
made so sensitive that one could weigh a piece of 
paper, then write his name with a hard pencil on the 
paper and determine the difference between the new 
weight and the old — ^that is, the weight of the name. 
This mfiant determining a weight as small as one-tenth 
or possibly one-hundredth of a milligram (a milligram is 
about 1/30,000 of an ounce). In about the year 1912 
Ramsay and Spencer, in London, by constructii^ a 
balance entirely out of very fine quartz fibers and placing 
it in a vacuum, succeeded in weighing objects as small 

^ See PhU. Mag., XIX (1910), 216: XXI (ign). 7 S 7 * 
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as one-millionth of a milligram, that is, they pushed the 
limit of the weighable down about ten tliousand times. 
The work which we are now considering pushed it down 
at least ten thousand times farther and made it possible 
to weigh accurately bodies so small as not to be visible 
at all to the naked eye. For it is only necessary to 
float such a body in the air, render it visible by reflected 
light in an ultra-microscope arrangement of tlie sort we 
were using, charge it electrically by tlie capture of ions, 
count the number of electrons in its charge by tlie method 
described, and then vary tlie potential applied to the 
plates or tlie charge on the body until its weight is just 
balanced by the upward pull of the field. The weight 
of the body is then exactly equal to the product of the 
known charge by the strength of the electric field. We 
made all of our weighings of our drops and the deter- 
mination of their radii in this way as soon as we had 
located e with a suflhcient degree of precision to warrant 
it.' Indeed, even before e is very accurately known it 
is possible to use such a balance for a fairly accurate 
evaluation of the radius of a spherical drop. For when 
we replace m in (i8) by A/znw?{c-p) and solve for a 
we obtain 

/!= *1 3Fe)i Vt , V 

\4^g(or—p) ^^ 9 ) 

The substitution in this equation of an approximately 
correct value of e yields a with an error but one-tliird as 
great as that contained in the assumed value of e, for a 
is seen from this equation to vary as the cube root of e. 
This is the method which, in view of the accurate evalua- 

‘J’fys. Rtv., n (1913), 117. This paper was read before the 
Deutsche physikaiische GeseUschaft in Berlin in June, 191s. 
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tion of Cy it is now desirable to use for the determination 
of the weight or dimensions of any minute body, for the 
method is quite independent of the nature of the body 
or of the medium in which it is immersed. Indeed, it 
constitutes as direct and certain a weighing of the body 
as though it were weighed on a mechanical balance. 

VI. THE EVALUATION OE 6 ANB A 
I 

With and - known, we can easily determine e and 
A from the equation 



for if we write this equation in the form 

ei ^ == (20} 

and then plot the observed values of ex as ordinates and 

I 

the corresponding values of - as abscissae we should get 

a 

a straight line, provided our corrected form of Stokes’s 
Law (15) (p. loi) is adequate for the correct representa- 
tion of the phenomena of fall of the droplets within the 

range of values of - in which the experiments lie. If no 

such linear relation is foimd, then an equation of the form 
of (15) is not adequate for the description of the phe- 
nomena within this range. As a matter of fact, a linear 
relation was found to exist for a much wider range of 

values of ~ than was anticipated would be the case. The 
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intercept of this line on the axis of ordinates, that is, the 
value of Cl when -=o is seen from (20) to be c*, and we 

d 

have but to raise this to the 3/2 power to obtain the 
absolute value of e. Again, A is seen from (20) to be 
merely the slope of this line divided by the intercept on 
the Cji axis. 

In order to carry this work out experimentally it is 
I 

necessary to vary - and find the corresponding values 

of Cl. This can be done in two ways. First, we may 
hold the pressure constant and choose smaller and 
smaller drops with which to work, or we may work with 
drops of much the same size but vary the pressure of 
the gas in which our drops are suspended, for the mean 
free path I is evidently inversely proportional to the 
pressure. 

Both procedures were adopted, and it was found that 
a given value of ei always corresponded to a given value 
I 

of - , no matter whether I was kept constant and a 

reduced to, say, one-tenth of its first value, or a kept about 
the same and I multiplied tenfold. The result of one 
somewhat elaborate series of observations which was 
first presented before the Deutsche physikalische Gesell- 
schaft in June, 1912, and again before the British Asso- 
ciation at Dundee in September, 1912,* is shown in 
Figs, s and 6. The numerical data from which these 
curves are plotted are given fairly fully in Table IX. 
It will be seen that this series of observations embraces 
a study of 58 drops. These drops represent all of those 
studied for 60 consecutive days, no single one being 

* Phys. Rev., II (1913), 136. 
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omitted. They represent a thirty-fold variation in ^ 

(from .016, drop No. i, to .444, drop No. 58), a seven- 
teen-fold variation in the pressure p (from 4.46 cm., 
drop No. 56, to 76.27 cm., drop No. 10), a sixfold 
variation in a (from 10.10X10“® cm., drop No. 28, to 
58.56X10“® cm., drop No. i), and a variation in the 



Fig. 7 

number of free electrons carried by the drop from i on 
drop No. 28 to 136 on drop No. 56. 

The esperimental arrangements are shown in Fig. 7. 
The brass vessel D was built for work at all pressures up 
to 15 atmospheres, but since the present observations 
have to do only with pressures from 76 cm. down, these 
were measured with a very carefully made mercury ma- 
nometer m, which at atmospheric pressure gave precisely 
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the same reading as a standard barometer. Complete 
stagnancy of the air between the condenser plates M 
and N was attained, first, by absorbing all of the heat 
rays from the arc A by means of a water cell w, 8o cm. 
long, and a cupric chloride cell d, and, secondly, by 
immersmg the whole vessel in a constant temperature 
bath G of gas-engine oil (40 liters), which permitted, in 
general, fluctuations of not more than . 02° C. during an 
observation. This constant-temperature bath was found 
essential if such consistency of measurement as is shown 
here was to be obtained. A long search for causes of 
slight irregularity revealed nothing so important as this, 
and after the bath was installed all of the irregularities 
vanished. The atomizer A was blown by means of a 
puff of carefully dried and dust-free air introduced 
through cock e. The air about the drop p was ionized 
when desired, or electrons discharged directly from the 
drop, by means of Rontgen rays from X, which readily 
passed through the glass window g. To the three win- 
dows g (two only are shown) in the brass vessel D corre- 
spond, of course, three windows in the ebonite strip c, 
which encircles the condenser plates M and N, Through 
the third of these windows, set at an angle of about 28® 
from the line Xpa and in the same horizontal plane, the 
oil drop is observed through a short-focus telescope hav- 
ing a scale in the eyepiece to make possible the exact 
measturement of the speeds of the droplet-star. 

In plotting the actual observations I have used the 

reciprocal of the pressure | in place of /, for the reason 
that / is a theoretical quantity which is necessarily pro- 
portional to ^ , while ^ is the quantity actually measured. 
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This amounts to writing the correction-term to Stokes’s 


Law in the form (1+^) instead of in the form 1+^^ and 

considering b the undetermined constant which is to be 
evaluated, as was A before, by dividing the slope of our 
line by its y-intercept. 

Nevertheless, in view of the greater ease of visualiza- 


If 

tion of - all the values of this quantity corresponding 

to successive values of — are given in Table IX. Fig. 5 

shows the graph obtained by plotting the values of e, 

against — for the first 51 drops of Table IX, and Fig. 6 

shows the extension of this graph to twice as large values 

of — and et. It will be seen that there is not the slightest 

indication of a departure from a linear relation between 

Cr and up to the value -—=620.2, which corresponds 
pa pd 


to a value of ~ of .4439 (see drop No. $8, Table IX). 

• d 

Furthermore, the scale used in the plotting is such that 
a point which is one division above or below the line in 
Fig. s represents in the mean an error of 2 in 700. It 
will be seen from Figs. 5 and 6 that there is but one drop 
in the 58 whose departure from the line amounts to as 
much as 0.5 per cent. It is to be remarked, too, that this 
is not a selected group of drops, but represents all of the 
drops experimented upon during 60 consecutive days, dur- 
ing whi^ time the apparatus was taken down several 
times and set up anew. It is certain, then, that an 
equation of the form (15) holds very accurately up to 
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- = .4. The last drop of Fig. 6 seems to indicate the 

begi nning of a departure from this linear relationship. 
Since such departure has no bearing upon the evaluation 
of e, discussion of it will not be entered into here, although 
it is a matter of great interest for the molecular theory. 

Attention may also be called to the completeness of 
the answers furnished by Figs. 5 and 6 to the question 
raised in chap, iv as to a possible dependence of the drag 
which the medium exerts on the drop upon the amount 
of the latter’s charge; also, as to a possible variation of 
the density of the drop with its radius. Thus drops 

Nos. 27 and 28 have practically identical values of , 

but while No. 28 carries, during part of tlie time, but 
I unit of charge (see Table IX), drop No. 27 carries 
29 times as much and it has about 7 times as large a 
diameter. Now, if the small drop were denser than the 
large one, or if the drag of the medium upon the heavily 
charged drop were greater than its drag upon the one 
lightly cliarged, then for both these reasons drop No. 27 
would move more slowly relatively to drop No. 28 
than would otherwise be the case, and hence «i for drop 
No. 27 would fall below for drop No. 28. Instead of 
this the two fall so nearly together that it is Impossible 
to represent them on the present scale by two separate 
dots. Drops Nos. 52 and 56 furnish an even more 
striking confirmation of the same conclusion, for both 

drops have about the same value for - and both are 

<t 

exactly on the line, though drop No. 56 carries at one 
time 68 times as heavy a charge as drop No. 52 and has 
three times as large a radius. In general, the fact that 
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Figs. 5 and 6 show no tendency whatever on the part of 
either the very small or the very large drops to fall above 
or below the line is experimental proof of the joint cor- 
rectness of the assumptions of constancy of drop-denaty 
and independence of drag of the medium on the charge 
on the drop. 

The values of d and h obtained graphically from the 
y-intercept and the slope ia Fig. $ are «*= 61.13X10“* 
and h — .000625, p being measured, for the purposes of 
Fig. 5 and of this computation ia centimeters of Hg at 
23° C. and a being measured in centimeters. The value 
of .d in equations 15 and 16 (p. loi) corresponding to this 
value of 6 is . 874. 

Instead, however, of taking the result of this graphical 
evaluation of e, it is more accurate to reduce each of the 
observations on Ci to e by means of the foregoing value 
of b and the equation 

The results of this reduction are contained ia the last 
colunm of Table IX. These results illustrate very 
clearly the sort of consistency obtained in liese observa- 
tions. The largest departure from the mean value found 
anywhere in the table amounts to 0.5 per cent and “the 
probable error’’ of the final mean value computed in the 
usual way is 16 in 61,000. 

Instead, however, of using this final mean value as 
the most reliable evaluation of e, it was thought prefer- 
able to make a considerable number of observations at 
atmospheric pressure on drops small enough to make t^ 
determinable with great accuracy and yet large enough 
so that the whole correction term to Stokes’s Law 
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amounted to but a small percentage, since in this case, 
even though there might be a considerable error in the 
correction-term constant J, such error would influence 
the final value of e by an inappreciable amount. The 
first 23 drops of Table IX represent such observations. 
It win be seen that they show slightly greater consistency 
than do the remaining drops m the table and that the 
correction-term reductions for these drops all lie between 
1.3 per cent (drop No. i) and 5.6 per cent (drop No. 23), 
so that even though b were in error by as much as 3 per 
cent (its error is actually not more than i . 5 per cent), e 
would be influenced by that fact to tlie extent of but 
o. I per cent. The mean value of e* obtained from the 
first 23 drops is 61 . 12X io~*, a number which differs by 
I part in 3,400 from the mean obtained from all the 
drops. 

When correction is made for the fact that the num- 
bers in Table IX were obtained on the basis of the 
assumption rj= .0001825, instead of 17= .00018324 (sec 
Section II), which was the value of ijaj chosen in 19x3 
when this work was first published, the final mean value 
of ef obtained from the first 23 drops is 61.367X10“®. 
This corresponds to 

e = 4 .807 X io““ electrostatic units. 

I have already indicated that as soon as e is known it 
becomes possible to find with the same precision which 
has been attained in its determination the exact number 
of molecules in a given weight of any substance, the 
absolute weight of any atom or molecule, the average 
kinetic energy of agitation of an atom or molecule at 
any temperature, and a considerable number of other 
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important molecular and radioactive constants. In 
addition, it has recently been found that practically all 
of the important radiation constants like the wave- 
lengths of X-rays, Planck's h, the Stefan-Boltzmann 
constant <r, the Wien constant Ca, etc., depend for their 
most reliable evaluation upon the value of e. In a word, 
e is increasingly coming to be regarded, not only as the 
most fundamental of physical or chemical constants, but also 
the one of most supreme importance for the solution of the 
numerical problems of modern physics. It seemed worth 
while, therefore, to drive die method herewith developed 
for its determination to the limit of its possible pre- 
cision. Accordingly, in 1914 I built a new condenser 
having surfaces which were polished optically and made 
flat to within two wave-lengths of sodium light. These 
were 22 cm. in diameter and were separated by 3 pieces 
of echelon plates, 14.9174 mm. thick, and all having opti- 
cally perfect plane-parallel surfaces. The dimensions of 
the condenser, therefore, no longer introduced an uncer- 
tainty of more than about i part in 10,000. The volts 
were determined after each reading in terms of a Weston 
standard cell and are uncertain by no more than i part 
in 3,000. The times were obtained from an exception- 
ally fine printing chronograph built by William Gaertner 
& Co. It is controlled by a standard astronomical 
clock and prints directly the time to hundredths of a 
second. All the other elements of the problem were 
looked to with a care which was the outgrowth of five 
years of experience with measurements of this kind. 
The present form of the apparatus is shown in diagram 
in Fig. 8, and in Fig. 9 is shown a photograph taken 
before the enclosing oil tank had been added. This work 
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was concluded in August, 1916, and occupied the better 
part of two years of time. The final table of results and 
the corresponding graph are given in Table X and in 
Fig. lo. The final v^ue of ei computed on the basis 
1/23=. 0001824 is seen to be now 16.126X10”^, which 
reduces to 61.407X10”^ when computed on the basis of 
the more reliable value given on page 95, namely, 1723= 
.00018324. This is .06 per cent, or i part in 1,600, 
higher than the value found in 1913. This shows to what 
extent oil-drop results hy themselves, when freed from the 
uncertainties in 77, have been duplicated with new ap- 
paratus and with a completely new determination of 
aU the factors involved m the oil-drop setup as such. 

The original 1913 determination was made in terms 
of the so-called ^^electrostatic international’ units; 
and since that time, steps have been on foot to bring 
these more nearly into coincidence with the ‘^absolute 
units,” the values of which have been very greatly im- 
proved in recent years.* Thus, in 1913 I took the speed 
of light,* which entered into my calculation, as 2. 9990 X 
10*®; but Michelson’s latest determination gives it as 
2.99774. The difference amounts to .042 per cent and 
reduces by that percentage the value of e. Furthermore, 
the change in the value of the ohm* reduced it further 
by .05 per cent. These changes, amounting to .09 per 
cent, just happen to lower the value of e by the percentage 
(viz., .06X1) by which the 1917 determination of e 
exceeds that of 1913 and therefore yields to four places 
for the final oil-drop value of e the same figure, namely, 

6=4.807 ±.005X10'’*® absolute electrostatic units. 

*See Millikan, Phil. Mag., July, 1917; Pkys. Rev., XXXV (1930), 
1231; and especially Birge, Amer. Jour, of Physics, XIII (1945), 63. 
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Again, if iVo is the number of molecules in a gram- 
molecule (the so-called “Avogadro number”), then by 
de^tion eNo=P, where F is “the Faraday constant,” 
which in terms of the silver voltameter is 9648.9 absolute 
electromagnetic units of electricity (see p. 160). It was 
through this relation that the oil-drop measurement of e 
first made it possible to obtain No accurately and in- 
deed thus to count the number of molecules in any given 
weight of any substance. Now, however, through the 
development in the 1920’s (see p. 283) of extreme ultra- 
violet, “hot-spark” spectroscopy, very recently carried 
forward with consummate precision at Uppsala, Sweden, 
it has become possible to compare the grating space in 
crystal gratings with fliat in mechanically ruled gratings 
and thus to count No directly with spectroscopic precision 
and thus get e from the above relation with much better 
than oil-drop precision. The best Uppsala work thus gives 

No = (6.023 ± .003) 10*3 and e = (4.803 ± .005) lo"^* e.s.u. 

It will be seen that the oil-drop e is within my original 
estimate of its precision. 

Perhaps these numbers have little signihcance to the 
general reader who is familiar with no electrical units save 
tibiose in which his monthly light bills are rendered. If 
these latter seem excessive, it may be cheering to reflect 
that the niunber of electrons contained in the quantity of 
electricity which courses every second through a common 
sixteen-candle-power electric-lamp filament, and for 
which we pay i/ioo,c»oo of i cent, is so large that if all 
the two and one-half million inhabitants of Chicago were 
to begin to count opt these electrons and were to keep on 
counting them out each at the rate of two a second, and 
if no one of them were ever to stop to eat, sleep, or die, 
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Fig. 10 
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it would take them just twenty thousand years to finish 
the task. 

Let us now review, with Figs. 5 and 10 before us, the 
essential elements in the measurement of e. We dis- 
cover, first, that electricity is atomic, and we measure the 
electron in terms of a characteristic speed for each drop- 
let. To reduce these speed units to electrical terms, and 
thus obtain an absolute value of e, it is necessary to know 
how in a given medium and in a given field the speed due 
to a given charge on a drop is related to the size of the 
drop. This we know accurately from Stokes’s theory 
and Arnold’s experiments when the holes in the medium, 

that is, when the values of - are negligibly small, but 
I . 

when - is large we know nothing about it Consequently 


there is but one possible way to eoaluate e^ namely^ to find 
experimentally how the apparent value of e, namely^ ex 

I I 

varies with “ ^ from the graph of this relation to 

I X 

find what value Ci approaches as-or-^ approaches zero. 
So as to get a lineai; relation we W by analysis that we 
must plot ef instead of 0% against ^ or ^ . We then get 

e from the intercept of an experimentally determined 
straight line on the y-axis of our diagram. This whole 
procedure amounts simply to reducing our drop- 
velocities to what they would be if the pressure were so 

large or — so small that the holes in the medium were all 

closed up. For this case and for this case alone we know 
both from Stokes’s and Arnold’s work exacAy the law of 
motion of the droOlet. 



CHAPTER VI 


THE MECHANISM OF IONIZATION OF GASES BY 
X-RAYS AND RADIUM RAYS 

I. EARLY EVIDENCE 

Up to the year 1908 the only experiments which threw 
any light whatever upon the question as to what the act 
of ionization of a gas consists in were those performed 
by Townsend' in 1900. He had concluded from the 
theory given on p. 34 and from his measurements on the 
di£fusion coeflSicients and the mobilities of gaseous ions 
that both positive and negative ions in gases carry unit 
charges. This conclusion was drawn from the fact that 

vJP 

the value of »c in the equation ne—-^ came out about 
1.23X10"’ electrostatic units, as it does in the electrolysis 
of hydrogen. 

In 1908, however, Townsend* devised a method of 
measuring directly the ratio ^ and revised his original 

conclusions. His method consisted essentially in driving 
ions by means of an electric field from the r^on between 
two plates A and B OFig. n), where they had been pro- 
duced by the direct action of X-rays, through the gauze 
in B, and observing what fraction of these ions was driven 
by a field established between the plates B and C to the 
central disk D and what fraction drifted by virtue of 
diffusion to the guard-ring C, 

« PhU. Trans., CXCm (1900), 129. 

• Proc. Roy. Soc., LXXX (1908), 207. 

I2S 
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By this method Townsend found that ne for the 
negative ions was accurately 1.23X10'“, but for the 
positive ions it was 2.41X10“ From these results 
the conclusion was drawn that in X-ray ionization all of 
the positive ions are bivalent, i.e., presumably, that the 
act of ionization by X-rays consists in the detachment 
from a neutral molecule of two elementary electrical 
charges. 

4 

B 

C 

D 

Fig. II 

Townsend accounted for the fact that his early ex- 
periments had not shown this high value of ne for the 
positive ions by the assumption that by the time the 
doubly charged positive ions in these experiments had 
reached the tubes in which D was measured, most of 
them had become singly charged through drawing to 
themselves the singly charged negative ions with which 
they were mixed. This hypothesis found some justifica- 
tion in the fact that in the early experiments tie mean 
value of ne for the positive ions had indeed come out 
some IS or 20 per cent higher than 1.23X10“— a dis- 
crepancy which had at first been regarded as attributable 
to esperimental errors, and which in fact might well be 
attributed to such errors in view of the discordance 
between the observations on different gagop 

Franck and Westphal,' however, in 1909 redeter- 
mined «e by a slight modification of Townsend’s original 
method, measuring both v' and D independently, and 

* Verb, deutsch. phys. Ges., Maich 5, 1909. 
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not only found, when the positive and negative ions are 
separated by means of an electric field so as to render 
impossible such recombination as Townsend suggested, 
that D was of exactly the same value as when they were 
not so separated, but also that ne for the positive ions pro- 
duced by X-rays was but i . 4X 10” instead of 2 . 41 X 10”. 
Since this was in fair agreement with Townsend’s original 
mean, the authors concluded that only a small fraction — 
about 9 per cent — of the positive ions formed by X-rays 
are doubles, or other multiples, and the r^t singles. In 
their experiments on the ionization produced by a-rays, 
jS-rays, and 7-rays, they found no evidence for the 
existence of doubly charged ions. 

In summarizing, then, the work of these observers 
‘it could only be said that, although both Townsend and 
Franck and Westphal drew the conclusion that doubly 
charged ions exist in gases ionized by X-ra3rs, there were 
such contradictions and uncertainties in their work as 
to leave the question unsettled. In gases ionized by 
other agencies than X-rays no one had yet found any 
evidence for the existence of ions carrying more than a 
single charge, except in the case of spark discharges from 
condensers. The spectra of these sparks revealed cer- 
tain lines called enhanced lines which were thought to be 
due to doubly ionized atoms. Whether, however, these 
multiple charges were produced by a sin^e ionizhig act 
or by successive acts was completely unknown. 

n. OIL-DROP EXPERIMENTS ON VALENCY IN 
GASEOUS IONIZATION 

The oil-drop method is capable of furnishing a direct 
and unmistakable answer to the question as to whether 
the act of ionization of a gas by X-rays or other agencies 
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consists in the detachment of one, of several, or of many 
electrons from a single neutral molecule. For it makes 
it possible to catch the residue of such a molecule prac- 
tically at the instant at which it is ionized and to count 
directly the number of charges carried by that residue. 
The initial evidence obtained from this method seemed 
to favor the view that the act of ionization may consist 
in the detachment of quite a number of electrons from a 
single molecule, for it was not infrequently observed 
that a balanced oil drop would remain for several seconds 
unchanged in charge while X-rays were passing between 
the plates, and would then suddenly assume a speed 
which corresponded to a change of quite a number of 
electrons in its charge. 

It was of course recognized from the first, however, 
that it is very difl&cult to distinguish between the prac- 
tically simultaneous advent upon a drop of two or three 
separate ions and the advent of a doubly or trebly 
charged ion, but a consideration of the frequency with 
which ions were being caught in the experiments under 
consideration, a change occurring only once in, say, lo 
seconds, seemed at first to render it improbable that the 
few double, or treble, or quadruple catches observed when 
the field was on could represent the simultaneous advent 
of separate ions. It was obvious, however, that the ques- 
tion could be conclusively settled by working with 
smaller and smaller drops. For the proportion of double 
or treble to single catches made in a field of strength 
between i,ooo and 6,000 volts per centimeter should be 
independent of the size of the drops if the doubles are 
due to the advent of doubly charged ions, while this 
proportion should decrease with the square of the radius 
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of the drop if the doubles axe due to the simultaneous 
capture of separate ions. 

Accordingly, Mr. Harvey Fletcher and the author,' 
suspended, by the method detailed in the preceding 
chapter, a very small positively charged drop in the 
upper part of the field between M and N (Fig. 12), 
adjusting either the charge upon the drop or the field 
strength until the drop was nearly balanced. We then 
produced beneath the drop a sheet of X-ray ionization. 
With the arrangement shown in the figure, in which JIf 



and N are the plates of the condenser previously de- 
scribed, and L and L' are thick lead screens, the positive 
ions are thrown, practically at the instant of formation, 
to the upper plate. When one of them strikes the drop 
it increases the positive charge upon it, and the amount 
of the charge added by the ion to the drop can be com- 
puted from the observed change in the speed of the drop. 

For the sake of convenience in the measurement of 
successive speeds a scale containing 70 equal divisions 
was placed in the eyepiece of the observing cathetometer 
telescope, which in these experiments produced a 

^pm. Mas-, xxm (1911), 7 S 3 - 
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magnification of about 1 5 diameters. The method of pro- 
cedure was, in general, first, to get the drop nearly 
balanced by shaking off its mitial charge by holding a 
little radium near the observing chamber, then, with a 
switch, to throw on the X-rays until a sudden start in 
the drop revealed the fact that an ion had been caught, 
then to throw off the rays and take the time required 
for it to move over 10 divisions, then to throw on the 
ra3rs until another sudden quickening in speed indicated 
the capture of another ion, then to measure this speed 
and to proceed in this way without throwing off the field 
at all until the drop got too close to the upper plate, when 
the rays were thrown off and the drop allowed to fall 
under gravity to the desired distance from the upper 
plate. lu order to remove the excess of positive charge 
which the drop now had because of its recent captures, 
some radium was brought near the chamber and the 
field thrown off for a small fraction of a second. As 
explained in preceding chapters, ions are caught by the 
drop many times more rapidly when the field is off than 
when it is on. Hence it was in general an easy matter 
to bring the positively charged drop back to its balanced 
condition, or indeed to any one of the small number of 
working speeds which it was capable of having, and then 
to repeat the series of catches described above. In this 
way we kept the same drop under observation for hours 
at a time, and in one instance we recorded 100 successive 
captures of ions by a given drop, and determined in each 
case whether the ion captured carried a single or a 
multiple charge. 

The process of making this determination is exceed- 
ingly simple and very reliable. For, since electricity is 
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atomic in structure, there are only, for example, three 
possible speeds which a drop can have when it carries 
I, 2, or 3 elementary charges, and it is a perfectly simple 
matter to adjust conditions so that these speeds are of 
such different values that each one can be recognized 
unfailingly even without a stop-watch measurement. 
Indeed, the fact that electricity is atomic is in no way 
more beautifully shown than by the way in which, as 
reflected in Table XI, these relatively few possible work- 
ing speeds recur. After all the possible speeds have 
been located it is only necessary to see whether one of 
them is ever skipped in the capture of a new ion in 
order to know whether or not that ion was a double. 
Table XI represents the results of experiments made 
with very hard X-rays produced by means of a powerful 
12-inch Scheidel coil, a mercury-jet interrupter, and a 
Scheidel tube whose equivalent spark-length was about 
5 inches. No attempt was made in these experiments to 
make precise determinations of speed, since a high degree 
of accuracy of measurement was not necessary for the 
purpose for which the investigation was undertaken. 
Table XI is a good illustration of the character of the 
observations. The time of the fall under gravity recorded 
in the column headed varies slightly, both because 
of observational errors and because of Brownian move- 
ments. Under the column headed “ty” axe recorded the 
various observed values of the times of rise through lo 
divisions of the scale in the eyepiece. A star (*) after an 
observation in this column signifles that the drop was 
moving with gravity instead of against it. The pro- 
cedure was in general to start with the drop either 
altogether neutral (so that it fell when the field was on 
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with the same speed as when the field was off), or having 
one single positive charge, and then to throw on positive 

TABLE XI 


Plate Distance i .6 cm. Distance of Fall .0975 cm. Volts 1,015. 
Temperature 23® C. Radius of Drop .000063 cm. 
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charges until its speed came to the 6.0 second value, 
then to make it neutral again with the aid of radium, 
and to begin over again. 

It will be seen from Table XI that in 4 cases out of 44 
we caught negatives, although it would appear from the 
arrangement shown in Fig. 12 that we could catch only 
positives. These negatives are doubtless due to second- 
ary rays which radiate in all directions from the air 
molecules when these are subjected to the primary X-ray 
radiation. 

Toward the end of Table XI is an interesting series 
of catches. At the beginning of this series, the drop 
was charged with 2 negatives which produced a speed 
in the direction of gravity of 6 . 5 seconds. It caught in 
succession 6 single positives before thefield was thrown off. 
The corresponding times were 6.$*, 10*, 20*, 100, 15.5, 
8.0, 6.0. The mean time during which the X-rays had 
to be on in order to produce a “catch” was in these 
experiments about six seconds, though in some instances 
it was as much as a minute. The majority of the times 
recorded in column tp were actually measured with a 
stop watch as recorded, but since there could be no 
possibility of mistaking the loo-second speed, it was 
observed only four or five times. It will be seen from 
Table XI that out of 44 catches of ions produced by 
very hard X-rays there is not a single double. As a 
result of observing from 500 to 1,000 catches in the man- 
ner illustrated in Table XI, we came to the conclusion 
that, although we had entered upon the investigation 
with the expectation of proving the existence of valency 
in gaseous ionization, we had instead obtained direct, 
unmistakable evidence that the act of ionization of air 



134 


THE ELECTRON 


molecides by both primary and secondary X-rays of widely 
varying degrees of hardness, as well as by and y-rays, 
uniformly consists, under all the conditions which we were 
able to investigate, in the detachment from a neutral molecule 
of one single elementary electrical charge. 

m. RECENT EVIDENCE AS TO NATCRE OE IONIZATION 
PRODUCED BV ETHER WAVES 

Although Townsend and Franck and Westphal dis- 
sented from the foregoing conclusion, all the evidence 
which has appeared since has tended to confirm it. Thus 
Salles,* using a new method due to Langevin of measuring 

directly the ratio of the mobility to the diffusion 

coefficient, concluded thatwhen the ionization is produced 
by 7-rays there are no ions bearing multiple charges. 
Again, the very remarkable photographs (see plate 
opposite p. 190) taken by C. T. R. Wilson in the 
Cavendish Laboratory of the tracks made by the passage 
of X-rays through gases show no indication of a larger 
number of negatively than of positively charged droplets. 
Such an excess is to be expected if the act of ionization 
ever consists in these experiments in the detachment of 
two or more negative electrons from a neutral molecule. 
Further, if the initial act of ionization by X-rays ever 
consists in the ejection of two or more corpuscles from 
a single atom, there should appear in these Wilson pho- 
tographs a rosette consisting of a group of zigzag lines 
starting from a common point. A glance at the plate 
opposite p. 192 shows that this is not the case, each 
zigzag line having its own individual starting-point. 

* Le Radium. X (1913), 1x3, no. 
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There are two other ^rpes of es^eriments whidi 
throw light on this question. 

When in the droplet experiments the X-rays are 
allowed to fall directly upon the droplet, we have seen 
that they detach negative electrons from it, and if the 
gas is at so low a pressure that there is very little rhanr** 
of the capture of ions by the droplet, practically all of 
its changes in charge have this cause. Changes produced 
under these conditions appear, so far as I have yet been 
able to discover, to be uniformly unit changes. Also, 
when the changes are produced by the incidence on the 
droplet of ultra-violet li^t, so far as the experiments 
which have been carried out by myself or my pupils go, 
they usually, though not always, have appeared to cor- 
respond to the loss of one single electron. The same 
seems to have been true in the experiments reported by 
A. JofE6,* who has given this subject careful study. 

Meyer and Gerlach,* it is true, seem very often to 
observe changes corresponding to the simultaneous loss 
of several electrons. It is to he noted, however, that 
their drops are generally quite heavily charged, carrying 
from to to 30 electrons. Under such conditions the loss 
of a single electron makes but a minute change in speed, 
and is therefore likely not only to be unnoticed, but to 
be alpri nst impossible to detect until the change has become 
more-pronounced through the loss of several electrons. This 
question, then, can be studied reliably only when the field is 
powerful enough to hold the droplet balanced with only one 
or two free electrons upon it. Experiments made under 
such conditions with my apparatus by both Derieux* and 

' Sitsmgsber. d. k. Baymschm Akad. d. Wiss. (1913), p. 19. 

* Ann. d. Pkys., XLV, 177; XLVIl, 227- X (1918), 283. 
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Kelly* show quite conclusively that the act of photo- 
emission under the influence of ultra-violet light consists 
in the ejection of a single electron at each emission. 

Table XII contains one series of observations of this 
sort taken with my apparatus by Mr. P. I. Pierson. The 
first column gives the volts applied to the plates of the 
condenser shown in Fig. 7, p. iii. These were made 
variable so that the drop might always be pulled up with 
a slow speed even though its positive charge were con- 
tinually increasing. The second and third columns give 
the times required to move i cm. under gravity and under 
the field respectively. The fourth column gives the time 
intervals required for the drop to experience a change in 
charge under the influence of a constant source of ultra- 
violet light — a quartz mercury lamp. The fifth column 
gives the total charge carried by the drop computed from 
equation (i 2), p. 91. The sixth column shows the change 
in charge computed from equation (10), p. 70. This is 
seen to be as nearly a constant as could be expected in 
view of Brownian movements and the inexact measure- 
ments of volts and times. The mean value of Ci is seen 
to be 5.1X10-*®, which )delds with the aid of equation 
(16), p. 101, after the value of A found for oil drops has 
been inserted, 6=4.77X10-“, which is in better agree- 
ment with the result obtained with oil drops than we 
had any right to expect. In these experiments the light 
was weak so that the changes come only after an average 
int^al of 29 seconds and it will be seen that they are all 
unit changes. 

So long, then, as we are considering the ionization of 
neutral atoms through the absorption of an ether wave 

‘ Phys. XVI (1920), 260, 
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of any kind, the evidence at present available indicates 
that the act always consists in the detachment from the 


TABLE xn 

Mercury Droplet or Radius a =» 8 X 10-* Cm. Dischargino 
Electrons under the Ineluence op Ultra-Violet Light 


Volts 


Drop No. 1 
tg Soc. 
per Cm. 


i?Sec. 
per Cm. 


2,260 II. O 

^,070 II. O 


— 1200 

+ 3»-8 


Time 
I Interval 
between 
Discharges 
inSecoi^ 


c«Xio“ 


Change 


No 

Electrons 
Emiti 


} 



1,960. 


1,960. 

[,820. 


[,690. 

i,SSo. 


^,040. 


II. o 


II. 2 


Drop No. 2 
10.4 


2 , 540 . 

^, 230 . 

2,230, 

r, 930 . 

t,8io. 

1,650. 

1,520. 

1 , 520 . 


- 194. 

+ 190 
+ 220 
+ 230 

+ 332 
+ 98 

+ 200 
4 - 300 
+ 76 
+ 200 

+ 176 
4* 250 
+ 500 


II 

12.8 

23 

40 

15.2 


54-4 

60.8 
65.0 

69.8 

75*1 


5-6 
18.6 
35 o 
42 
54 
70 

45 


43-5 
49-4 
55-2 
60. 7 
65 o 
69.6 
75-2 
79-4 


4.4 

6.4 

4 - 2 

4.8 

5 - 3 

5-9 

5.8 

5S 

4.3 

4.6 

5.6 

4.2 


98 


119 

Mean 


29 


85 I 5:1 

Mean.. 5.1 


atom of one single negative electron, the energy with 
which tliiR electron is ejected from the atom depending, as 
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we shall see in chap, x, in a very definite and simple way 
upon the frequency of the ether wave which ejects it. 

IV. IONIZATION BY jS-RAYS 

When the ionization is due to the passage of jS-rays 
throu^ matter, the evidence of the oil-drop experiments 
as well as that of C. T. R. Wilson’s experiments (see 
chap, ix) on the photographing of the tracks of the 
/3-rays is that here, too, the act consists in the detachment 
of one sin^e electron from a single atom. This experi- 
mental result is easy to understand in the case of the 
jS-rays, when it is remembered that Wilson’s photo- 
graphs prove directly the fact, long known from other 
types of evidence, that a jS-ray, in general, ionizes but a 
very minute fraction of the number of atoms through 
which it shoots before its energy is expended. If, then, 
its chance, in shooting through an atom, of coming near 
enough to one of the electronic constituents of that atom 
to knock it out is only one in a hundred or one in a 
thousand, then its chance of getting near enough to 
two electronic constituents of the same atom to knock 
than both out is likely to be negligibly small. The 
argument here rests, however, on the assumption that 
the electrons within the atom are independent of one 
another, which is not necessarily the case, so that the 
matter must be decided after all solely by experiment. 

ITie difference between the act of ionization when 
produced by a ^-ray and when produced by an ether 
wave seems, then, to consist diiefly in the difference in 
the energy with which the two agencies hurl the elec- 
tron from its mother atom. Wilson’s photographs show 
that ^-rays do not in general eject electrons with appre- 
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dable speeds, while ether waves may eject them with 
tremendous energy. Some of Wilson’s photographs 
showing the effect of passing X-rays through air are 
shown in the most interesting plate opposite p. 192. 
The original X-rays have ejected electrons with great 
speeds from a certain few of the atoms of the gas, and 
it is the tracks of these electrons as they shoot through 
the atoms of the gas, ionizing here and there as they 
go, which constitute the wiggly lines shown in the photo- 
graph. Most of the ionization, then, which is produced 
by X-rays is a secondary effect due to the negative elec- 
trons, i.e., the / 3 -rays which the X-rays eject. If these 
/3-rays could in turn eject electrons with ionizing speeds, 
each of the dots in one of these /8-ray tracks would be 
the starting-point of a new wiggly Hne like the original 
one. But such is not the case. We may think, then, 
of the /3-rays as simply shaking loose electronic dust 
from some of the atoms through which they pass while we 
think of the X-rays as taking hold in some way of the 
negative electrons within an atom and hurling them out 
with enormous energy. 

V. IONIZATION BY tt-BAYS 

But what happens to the electronic constituents of 
an atom when an a-partide, that is, a helium atom, 
shoots through it? Some of Bragg’s experiments and 
Wilson’s photographs show that the o-partides shoot 
in straight lines through from 3 to 7 cm. of air before 
they are brought to rest We must condude, then, that 
an atom has so loose a structure that another atom, if 
endowed with enough speed, can shoot straight through it 
without doing anything more than, in some instances, to 
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shake off from that atom an electron or two. The tracks 
shown in Figs. 14 and 15, facing p. 190, are Wilson photo- 
graphs of the tracks of the a-particles of radium. They 
ionize so many of the atoms through which they pass that 
the individual droplets of water which form about the 
ions produced along the path of the ray, and which are 
the objects really photographed, are not distinguishable 
as individuals. The sharp changes in the direction of 
the ray toward the end of the path are convincing evi- 
dence that the a-particle actually goes through the 
atoms instead of pushing them aside as does a bullet 
For if one solar system, for example, endowed with a 
stupendous ^eed, were to shoot straight through another 
similar system, but without an actual impact of their 
central bodies, the deflection from its straight path which 
the first system experienced might be negligibly small if 
its speed were high enough, and that for the simple reason 
that the two systems would not be in each other’s 
vidnily long enough to produce a deflecting effect. In 
technical terms the time integral of the force would be ■ 
negligibly small. The slower the speed, however, the 
longer this time, and hence the greater the deflection. 
Thus it is only when the a-particle shown in Fig. 15 has 
lost most of its velocity— i.e., it is only toward the end of 
its path— that the nuclei of the atoms through which it 
passes are able to deflect it from its straight path. If it 
pushed the molecules aside as a bullet does, instead of 
going through them, the resistance to its motion would 
be greatest when the speed is highest. Now, the facts 
are just the opposite of this. The a-particle ionizes 
several times more violently toward the end of its path 
than toward the beginning, and it therefore loses energy 
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more rapidly when it is going slowly than when it is 
going rapidly. Further, it is deflected more readily, 
then, as the photograph shows. All of this is just as it 
should be if the a-particle shoots straight through the 
molecules in its path instead of pushing them aside. 

These photographs of Wilson’s are then the most 
convincing evidence that we have that the atom is a sort 
of m i ni ature stellar system with constituents which are 
unquestionably just as minute with respect to the total 
volume occupied by the atom as are the sun and planets 
and other constituents of the solar system with respect 
to the whole volume inclosed within the confines of this 
system. When two molecules of a gas are going as 
slowly as they are in the ordinary motion of thermal 
agitation, say a mile a second, when their centers come 
to within a certain distance — ^about 0.2 ju/i (millionths of 
a mil l im eter) — they repel one another and so the two 
systems do not interpenetrate. This is the case of an 
ordinary molecular collision. But endow one of these 
molecules with a large enough energy and it will shoot 
right through the other, sometimes doubtless without so 
much as knocking out a single electron. This is the case 
of an a-particle shooting through air. 

But the question to which we are here seeking an 
answer is, does an individual a-partide ever knock more 
than one electron from a single atom or molecule through 
which it passes, so as to leave that atom doubly or trebly 
charged ? The oil-drop method used at low pressures* 
has given a very definite answer to this question. In no 
gas or vapor except helium^ which we have as yet tried^ is 
there any certain evidence that an individual a-ray in 

' Rays of Positive Electricity (1913), p. 46* 
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shooting through an atom is able to remove from that atom 
more than one single electron at a time. 

The foregoing result has been obtained by shooting the 
a-rays from poloniiun through a rarefied gas in an oil- 
drop apparatus of the type sketched in Fig. 12, catching 
upon a balanced oil drop the positively charged residue of 
one of the atoms thus ionized, and counting, by the 
change in speed imparted to the droplet, the number of 
electrons which were detached from the captured atom 
by the passage of the a-ray through or near it.* 

This mode of experimenting extended to helium, how- 
ever, has yielded the most interesting result* that every 
sixth one on the average of all the passages, or “shots,” 
which detached any electrons at all from the helium atom 
detached both of tte two electrons which the neutral 
helium atom possesses. Since some of the ionization 
produced along the path of an a-ray is probably due to 
slow-speed secondary j 8 -rays produced by the o-ray, it is 
probable that the fraction of the actual passages through 
heliiun atoms of a-rays themselves which detach both 
electrons is greater than the foregoing one in six. It has 
been estimated by Fowler at as high as three in four. 

The foregoing experimental result of one m six was 
obtained only at the very end of the range of the a-rays 
where they have their maximum ionizing power. When 
these rays were near the begmning of their range, and 
therefore were moving much more rapidly, the fraction 
of the number of double catches to total catches was only 
about half as much, i.e., the chance of getting both electrons 

> Jdlikan, Gottschalk, and Kelly, thys. Rn., XI (19*0), 157. 

'Millikan, Phys. Ret., XVIH (1931), 456. Wilkins, ibid., XXIV 
(1933), 3 ia 
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at a single shot is much smaller with a high-speed bullet 
than with a slow-speed one. This is to be expected if the 
two electrons are independent of each other, i.e., if the 
removal of one does not carry the other out with it. 

The foregoing is, I think, the only experiment which 
has yet been devised in which the act of ionization is 
isolated and studied as an individual tb'ng. 

Since 1913, however, very definite evidence has 
come in from two different sources that multiply-valent 
ions are often produced in discharge tubes. The most 
unambiguous proof of this result has been furnished by the 
^ectroscope. Indeed, Mr. Bowen and the author have 
recently found with great definiteness that high-voltage 
vacuum sparks give rise to spectral lines which are due to 
singly-, doubly-, trebly-, quadruply-, and quintuply- 
charged atoms of the elements from lithium to nitrogen, 
and even to sextuply-charged ones in the case of sulphur.’ 
In view of the foregoing studies with X-rays, jS-rays, 
and o-rays, it is probable that these spectroscopically 
discovered multiply-charged ions are mainly due to sue 
cessive ionizations such as might be expected to take place 
in a region carrying a very dense electron current, such 
as must exist in our “hot-sparks.” 

Again, J. J. Thomson has brought forward evidence* 
that the positive residues of atoms which shoot through 
discharge tubes in a direction opposite to that of the 
cathode rays have suffered multiple ionization. Indeed, 
he thinks he has evidence that the act of ionization of 
atoms of mercury consists either in the detachment of one 
negative electron or else* in the detachment of ei^t. 

■ Phys. Rev., September or October, 19*4. 

’ Rays of Positive Electricity (1913), p. 46 - 
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The actual situation, however, is not so simple; for in 
1930 Bleakney^ definitely proved that while in general 80 
per cent or more of the ions formed by shooting electrons 
through mercury vapor are singles, at suitable incident 
energies 2, 3, 4, or 5 electrons may occasionally be de- 
tached in a single encounter. Similar effects occur in 
neon and argon. 

VI. SUMMARY 

The results of the studies reviewed in this chapter 
may be summarized thus: 

1. The act of ionization by jS-rays usually consists 
in the shaking off without any appreciable energy of one 
single electron, sometimes, however, more than one, from 
an occasional molecule through which the /S-ray passes. 
The faster the jS-ray the less frequently does it ionize. 

2. The act of ionization by ether waves, i.e., by 
X-rays or light, seems to consist in the hurling out with 
an energy which may be very large, but which depends 
upon the frequency of the incident ether wave, of one 
single electron from an occasional molecule over which 
this wave passes. 

3. The act of ionization by rapidly moving a-particles 
consists generally in the shaking loose of one single 
electron from the atom through which it passes, though 
in the case of helium, two electrons are certainly some- 
times removed at once. It may be, too, that a very 
slow-moving positive ray, such as J. J. Thomson used, 
may detach several electrons from a single atom. 

* Walter BWey, Phys, Rev,, XXXV (1930), 139, and XXXVI 
(1930), 1303. See also Overton Luhr, im., LXTV (1933), 459. 



CHAPTER Vn 

BROWNIAN MOVEMENTS IN GASES 
I. HISTOEICAI, SUMMARY 

In 1827 the English botanist, Robert Brown, first 
made mention of the fact that minute particles of dead 
matter in suspension in liquids can be seoi in a high- 
power miaoscope to be endowed with irregular wiggliag 
motions which strongly suggest “life.”* Although this 
phenomenon was studied by numerous observers and 
became known as the phenomenon of the Brownian 
movements, it remained wholly unexplained for just 
fifty years. The first man to suggest that these motions 
were due to the continual bombardment to which these 
particles are subjected because of the motion of thermal 
agitation of the molecules of the surrounding medium 
was the Belgian Carbonelle, whose work was first pub- 
lished by his collaborator, Thirion, in 1880,* although 
three years earlier Delsaulx’ had given expression to views 
of this sort but had credited Carbonelle with priority in 
adopting them. In 1881 Bodoszewski* studied the 
Brownian movements of smoke particles and other sus- 
pensions in air and saw in them “an approximate image 
of the movements of tiie gas molecules as postulated by 
the kinetic theory of gases.” Others, notably Gouy,® 

« pm. Mag., IV (i8*8), 161. 

* Revtie des questions scientijiquesy Louvain, Vn (1880), 5. 

J Ibid., n (1877), 319- 

< Binglers polyt. Jour., CC 3 QCXIX (1881), 325. 

» Jour, dt Phys., Vn (1888), 561; Comptes rendus, CDC (1889), 102, 
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urged during the next twenty years the same interpre- 
tation, but it was not until 1905 that a way was found 
to subject the hypothesis to a quantitative test. Such 
a test became possible through the brilliant theoretical 
work of Einstein* of Bern, Switzerland, who, starting 
merely with the assumption that the mean kinetic 
energy of agitation of a particle suspended in a fluid 
medium must be the same as the mean kinetic energy 
of agitation of a gas molecule at the same temperature, 
developed by unimpeachable analysis an expression for 
the mean distance through which such a particle should 
drift in a given time through a given medium because 
of this motion of agitation. This distance could be 
directly observed and compared with the theoretical 
value. Thus, suppose one of the wiggling particles is 
observed in a microscope and its position noted on a 
scale in the eyepiece at a particular instant, then noted 
again at the end of r (for example, 10) seconds, and 
the displacement Ar in that time along one particular 
axis recorded. Suppose a large number of such displace- 
ments Ax in intervak ail of length t are observed, each one 
of them squared, and the mean of these squares taken 
and deno^d by A**: Einstein showed that the theoretical 
value of Ar* should be 


^ nk"’ 


(31J 


m which R is tlie universal gas constant per gram mole- 
cule, namely, 831.4X10* 5^^, T the temperature on 
the absolute scale, N the number of molecules in one 
gram molecule, and K a resistance factor depending 

^Am. d. Phys. (4), xvn (1905), 549; XIX (1906), 37X; XXH 
(1907). ^69. 
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upon the viscosity of the medium and the size of the 
drop, and representing the ratio between the force ap- 
plied to the particle in any way and the velocity pro- 
duced by that force. If Stokes’s Law, namely, F — 6 iriiav, 
held for the motion of the particle through the medium, 
F 

then ^=~ would have the value &rtia, so that Ein- 
stein’s formula would become 




RT 

N^-rrqa 


(22) 


This was the form which Einstein originally gave to 
his equation, a very simple derivation of which has been 
given by Langevin.’ The essential elments of this 
derivation will be found in Appendix C. 

The first careful test of this equation was made on 
suspensions in liquids by Perrin,* who used it for finding 
N the number of molecules in a gram molecule. He 
Dbtained the mean value N— 6 %. 2X10**, which, in view 
of the uncertainties in the measurement of both K and 
A«*, may be considered as proving the correctness of 
Eiostein’s equation within the limits of error of Perrin’s 
measurements, which differ among themselves by as 
much as 30 per cent. 


n. QUANTITATIVE MEASUREMENTS IN GASES 

Up to 1909 there had been no quantitative work 
whatever on Brownian movements in gases. Bodoszewski 
had described them fully and interpreted them correctly 

* Comptes renduSf CXLVI (1908), 530. 

* p. 967; CXLVn (1908), 475, 530, 594; CLIE (1911), 1380, 
1569; see also Perrin, Brownian Movements and Molecular Reality. 
En^. tr. by Soddy, 1912. 
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in 1881. In 1906 Smoluchowski* had computed how 
large the mean displacements in air for particles of 
radius ought to be, and in 1907 Ehrenhaft* had 

recorded displacements of the computed order with 
particles the sizes of which he made, however, no attempt 
to measure, so that he knew nothing at all about the 
resistance factor K. There was then nothing essentially 
quantitative about this work. 

In March, 1908, De Broglie, in Paris, ^ made the 
following significant advance. He drew the metallic 
dust arising from the condensation of the vapors coming 
from an electric arc or spark between metal electrodes 
(a phenomenon discovered by Hemsalech and De Watte- 
ville^) into a glass box and looked down into it through 
a microscope upon the particles rendered visible by a 
beam of light passing horizontally through the box and 
illuminating thus the Brownian particles in the focal 
plane of the objective. His addition consisted in placing 
two parallel metal plates in vertical planes, one on either 
side of the particles, and in noting that upon applying a 
potential difference to these plates some of the particles 
moved under the influence of the field toward one plate, 
some remained at rest, while others moved toward the 
other plate, thus showing that a part of these particles 
were positively electrically charged and a part negatively. 
In this paper he promised a study of the charges on these 
particles. In May, 1909, in fulfilling this promise^ he 

* Ann, der Phys,, IV (1906), ai, 756. 

* Wiener Berichte, CXVI (1907), 11 , 1175. 

> Comptes rendtis, CXLVI (1908), 624, loio. 

< Idid,, CXUV (1907), 1338. 

^ /did., CXLVm (1909), 1316. 
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made the first quantitative study of Brownian move- 
ments in gases. The particles used were minute droplets 
of water condensed upon tobacco smoke. The average 
rate at which these droplets moved in De Broglie’s hori- 
zontal electric field was determined. The equation for 
this motion was 

Fe=Kv (23' 


The mean A** was next measured for a great man}' 
particles and introduced into Einstein’s equation: 




2RT 


From these two equations K was eliminated and e 
obtained in terms of N. Introducing Perrin’s value of 
N, De Broglie obtained from one series of measurements 
gz=4.5Xio~“; from another series on larger particles 
he got a mean value several times larger — a result which 
he interpreted as indicating multiple charges on the 
larger particles. Although these results represent merely 
mean values for many drops which are not necessarily all 
alike, either in radius or charge, yet they may be con- 
sidered as the first experimental evidence that Einstein’s 
equation holds approxipiately, in gases, and they are the 
more significant because nothing has to be assumed about 
the size of the particles, if they are all alike in charge 
anH radius, or about the validity of Stokes’s Law in 
gases, the Z’-factor being eliminated. 

The development of the oil-drop method made it 
possible to subject the Brownian-movement theory to a 
more accurate and convincing experimental test than 
had heretofore been attainable, and that for the following 


reasons: . 
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1. It made it possible to hold, with the aid of the 
vertical electrical field, one particular particle under 
observation for hours at a time and to measure as many 
displacements as desired on it alone instead of assuming 
the identity of a great number of particles, as had been 
done in the case of suspensions in liquids and in De 
Broglie’s experiments in gases. 

2. Liquids are very much less suited than are 
gases to convincing tests of any kinetic hypothesis, 
for the reason that prior to Brownian-movement 
woi:k we had no satisfactory kinetic theory of liquids 
at all. 

3. The absolute amounts of the displacements of a 
given particle in air are 8 times greater and in hydrogen 
IS times greater than in water. 

4. By reducing the pressure to low values the dis- 
placements can easily be made from 50 to 200 times 
greater in gases than in liquids. 

$. The measurements can be made independently 
of the most troublesome and uncertain factor involved 
in Brownian-movement work in liquids, namely, the 
factor K, which contains the radius of the particle and 
the law governing its motion through the liquid. 

Accordingly, there was begim in the Ryerson Lab- 
oratory, in 1910, a series of very careful experiments in 
Brownian movements in gases. Svedberg,* in reviewing 
this subject m 1913, considers this “the only exact 
investigation of quantitative Brownian movements in 
gases. ’ A brief summary of the method and results 
was published by the author.* A full ajLcount was 

• Jahrbuch der RadioakUvim und Elektrom, X (191A), 5*3- 

‘‘Seitnct, February 17, iqii. 
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published by Mr. Harvey Fletcher in May, 1911,* and 
tether work on the variation of Brownian movements 
with pressure was presented by the author the year 
following.* The essential contribution of this work as 
regards method consisted in the two following particulars : 

I. By combining the characteristic and fully tested 
equation of the oil-drop method, namely, 

C=^(v,+Va\=j(Vt+Vt) ( 24 ) 


with the Einstein Brownian-movement equation, namely. 


r::. 2ier 




it was possible to obtain the product Ne without any 
reference to the size of the particle or the resistance of 
the medium to its motion. This quantity could then 
be compared with the same product obtained with great 
precision from electrolysis. The experimental procedure 
consists in balancing a given droplet and measi^g, as 
in any Brownian-movement work, the quantity Aac*, then 
unbalancing it and measuring F, Vt and the 

combination of (24) and (25) then gives 




(26) 


Since it is awkward to square each displacement Ax 
before averaging, it is preferable to“ modify by sub- 
stituting from the Maxwell distribution law, which holds 

* Phys, Zeitschr., XH. (1911), 202-8; see also Phys. Rn., XXXm 
( 1911 ), 81 . 

« Phys, Rep., 1 , N.S. (igxs)# 
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for Brownian displacements as well as for molecular 
velocities, the relation 


We obtain thus 




A:i; 


_ u RT(v,+V2% , 
F{Ne) 


(27) 


or 


4 jRr(si+»2)oT 


(28) 


The possibility of thus eliminating the size of the 
particle and with it the resistance of the medium to its 
motion can be seen at once from the simple consideration 
that so long as we are dealing with one and the same 
particle the ratio K between the force acting and the 
velocity produced by it must be the same, whether the 
acting force is due to gravity or an electrical field, as in 
the oil-drop experiments, or to molecular impacts as 
in Brownian-movement work. De Broglie might have 
made such an elimination and calculation of Ne in his 
work, had his Brownian displacements and mobilities 
in electric fields been made on one and the same particle, 
but when the two sets of measurements are made on 
different particles, such elimination would involve the 
very uncertain assumption of identity of the particles in 
both charge and size. Although De Broglie did actually 
make this assumption, he did not treat his data in the 
manner indicated, and the first publication of this 
method of measuring Ne as well as the first actual deter- 
mination was made in the papers mentioned above. 
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Some time later E. Weiss reported simil ar work to 
the Vienna Academy.* 

2. Although it is possible to make the test of Ne in 
just the method described and although it was so made 
in the case of one or two drops, Mr. Fletcher worked out 
a more convenient method, which involves expressing 
the displacements Ax in terms of the fluctuations in the 
time required by the particle to fall a given distance 
and thus dispenses with the necessity of balancing the 
drop at all. I shall present another derivation which 
is very simple and yet of imquestionable validity. 

In equation (28) let t be the time required by the 
particle, if there were no Brownian movements, to fall 
between a series of equally spaced cross-hairs whose 
distance apart is d. In view of such movements the 
particle will have moved up or down a distance Ax in 
the time r. Let us suppose this distance to be up. 
Then the actual time of fall will be r+At, in which At 
is now the time it takes the particle to fall the distance 
Ax. If now At is small in comparison with t, that is, if 
Ax is small in comparison with d (say 1/ 10 or less), then 
we shall introduce a negligible error (of the order 1/ 100 
at the most) if we assume that Ax=ViAt in which is 
the mean velodly under gravity. Replacing then in 
(28) by »i*(A/)*, in which (A^* is the square of the 
average difference between an observed time of fall and 
the mean time of fall tf, that is, the square of the average 

* It was read before the Academy on July 6: Wiener Berichte^ CXX 
(1911), n, 1021, but appeared first in print in the August ist number 
of the Phys. Zeitschr, (1911), p. 63. Fletcher's article is foimd in brief 
in an earlier number of the same volume of the Phys, Zeitschr,^ p. 203, 
and was printed in full in the July number of Le Padium^ VIU 
'(1911), 279. 
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fluctuation in the time of fall through the distance d, 
we obtain after replacing the ideal time t by the mean 
time ^ 



» 


In any actual work Af will be kept considerably less 
than i/io the mean time if the irregularities due to 
the observer’s errors are not to mask the irregulanties 
due to the Brownian movements, so that (29) is sufficient 
for practically all working conditions.* 

The work of Mr. Fletcher and of the author was done 
by both of the methods represented in equations (28) 
and (29). The 9 drops reported upon in Mr. Fletcher’s 
paper in 1911* yielded the results shown below in which 
» is the number of displacements used in each in 
determining Aa; or A' 


TABLE Xm 

l/jV«Xio' » 

1.68 1*5 

1.67 136 

1.645 321 

1 . 69s 203 

1-73 171 

1.65 200 

1.66 84 

1.785 411 

1.65 , 85 

When weights are assigned proportional to the num- 
ber of observations taken, as shown in the last column 

^ ‘Noerroris introduced here if, as assumed, S is smaU in con^)arison 
OTtt tg. However, for more rigorous equations see Fletcher, Phys. Rev., 
IV (1914), 442! also Smoluchowski, Phys. Zeitschr., XVI (1915), 321. 
» U Rodims, vm (ipii), 379; Phys. Rev., XXXIH (igir), 107. 
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of Table Xin, there results for the weighted moa n value 
which represents an average of 1,735 d%)lacements, 
l/iVe= 1. 698X10’ or Ne= 2 .S 8 Xic^ deOrostatic units, 
as against 2.896X10*^, the value found in electroly- 
sis. The agreement between theory and e35>eriment is 
then in this case about as good as one-half of i per cent, 
which is well within the limits of observational error. 

This work seemed to demonstrate, with considerably 
greater precision than had been attained in earlier 
Brownian-movement work and with a mmimnTn of 
assumptions, the correctness of the Einsto in equation, 
which is in essence merely the assumption that a particle 
in a gas, no matter how big or how little it is or out of 
what it is made, is moving about with a mean translatory 
kinetic energy which is a universal constant dependent 
only on temperature. To show how well this conclusion 
has been established I shall refer brieiy to a few later 
researches. 

In 1914 Dr, Fletcher, assuming the value of K which 
I had published’ for oil drops moving throu^ air, made 
new and improved Brownian-movement measurements 
in this medium and solved for N the original Einstdn 
equation, which, when modified precisely as above by 

replacing Ar* by ^ (Si^* and becomes 


jy-4 RTt, 


(30) 


He took, all told, as many as 18,837 
5,900 on a single drop, and obtained iV= 60, 3X lO”* i , 2. 
This cannot be regarded as an altogether indepen- 
dent determination of N, since it involves my value 
> Phys, Rev., I (1913), ai8. 
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of K. Agreeing, however, as well as it does with m; 
value of N, it does show with much conclusiveness tha 
both Einstein’s equation and my corrected form 0 
Stokes’s equation apply accurately to the motion of oi 
drops of the size here used, namely, those of radius fron 
2.79X10“* cm. to 4.1X10“* cm. (280-400 mm)- 

In 191S Mr. Carl Eyring tested by equation (29) th( 
value of Ne on oil drops, of about the same size, ii 
hydrogen and came out within . 6 per cent of the valut 
found in electrolysis, the probable error being, however, 
some 2 per cent. 

Precisely similar tests on substances other than oils 
were made by Dr. E. Weiss’ and Dr. Karl Przibram.' 
The former worked with silver particles only hall 
as large as the oil particles mentioned above, namely, 
of radii between i and 2.3X10“* cm. and obtained 
Ne=io,'joo electromagnetic units instead of 9,650, as 
in electrolysis. This is indeed ii per cent too high, but 
the limits of error in Weiss’s experiments were in his 
judgment quite as large as this. K. Przibram worked 
on suspensions in air of five or six different substances, 
the radii varying from 200 juM to 600 mm, ^Jid though his 
results varied among themselves by as much as 100 per 
cent, his mean value came within 6 per cent of 9,650. 
Both of the last two observers took too few displacements 
on a given drop to obtain a reliable mean displacement, 
but they used so many drops that their mean Ne still 
has some significance. 

It would seem, therefore, that the validity of Ein- 
stein’s Brownian-movement equation had been pretty 

■ Sitsungsber. d, k. Ahad. d. Wiss. in Wien, QQC (1911), II, loii 

* Ibid., CXXI (1912), n, 9jo. 
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thoroughly established in gases. In liquids too it has 
recently been subjected to much more precise test than 
had formerly been attained. Nordlund,* in 1914, using 
min ute mercury particles in water and a-ssuming Stokes’s 
Law of fall and Einstein’s equations, obtained 
fV= 59 . 1 X 10”. While in 191 5 Westgren at Stockholm^ 
by a very large number of measurements on colloidal 
gold, silver, and selenium particles, of diameter from 
65 JUJU to 130 JUJU (6.5 to 13X10“® cm.), obtained a result 
which he thinks is correct to one-half of i per cent, this 
value is iV=6o. 5X10“=*= .3X10**, which agrees per- 
fectly with the value which I obtained from the measure- 
ments on the isolation and measurement of the electron. 

The most recent determination of N by the Brownian 
movement method has been made at the University of 
Munich by Kappler* who suspends in still air from a 
very fine quartz fibre an exceedingly light mirror 2 mm. 
square, reflects a fine pencil of light from it, and records 
on a moving photographic film the irregular lateral dis- 
placements of this beam under the random molecular 
bombardment of the mirror at the end of this toraonal 
system. From the mean of these displacements he gets 
N = 60.59 ± X 10”. 

It has been because of such agreements as the fore- 
going that the last trace of opposition to the kinetic and 
atomic hypotheses of matter has disappeared from the 
scientific world, and that even Ostwald has been willing 
to make such a statement as that quoted on p. 10. 
iZtschr.f. Phys. Ckem., LXXXVn (1914), 40- 
* Die Brown? sche Bewegung tesonders als MiM sur Bestmmwng der 
Awgadroschen Konstanle, inaugural dissertation. XJpsala: Almcjuist & 
'Vi^ksells Boktiyckeri, 1915. 

s Ann. der Physik, XI (1931), *33-56. 
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IS THE ELECTRON ITSELF DIVISIBLE? 

It would not be in keeping with the method of modern 
science to make any dogmatic assertion as to the indi- 
visibility of the electron. Such assertions used to be 
made in high-school classes with respect to the atoms of 
the elements, but the far-seeing among physicists, like 
Faraday, were always careful to disclaim any belief in 
the necessary ultimateness of the atoms of chemistry, and 
that simply because there existed until recently no basis 
for asserting anything about the insides of the atom. 
We knew that there was a smallest thing which took part 
in chemical reactions and we named that thing the atom, 
leaving its insides entirely to the future. 

Precisely similarly the electron was defined as the 
smallest quantity of electricity which ever was found to 
appear in electrolysis, and nothing was then said or is 
now said about its necessary ultimateness. Our experi- 
ments have, however, now shown that this quantity is 
capable of isolation and exact measurement, and that all 
the kinds of charges which we have been able to investi- 
gate are exact multiples of it Its value is 4.770 X io~” 
electrostatic units. 

L A SECOND METHOD OP OBTAINING C 

I have presented one way of measuring this charge, 
but there is an indirect method of arriving at it which 
was worked out independently by Rutherford and Geiger’ 

» Proc. Roy. Soc., A LXXXI (1908), 141, 161. 

IS8 
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and Regener.* The unique feature in this method con- 
sists in actually counting the number of o-particles shot 
off per second by a small speck of radium or polonium 
through a given solid angle and computing from this the 
number of these particles emitted per second by one gram 
of the radium or polonium. Regener made his determi- 
nation by counting the scintillations produced on a dia-' 
mond screen in the focal planeof his observing microscope. 
He then caught in a condfenser all the a-partides emitted 
per second by a known quantity of his polonium and 
determined the total quantity of electridty delivered to 
the condenser by them. This quantity of dectridty 
divided by the number of partides emitted per second 
gave the charge on each partide. Because the a-partides 
had been definitely proved to be helium atoms’ and the 

value of — foimd for them showed that if they were 
m ^ ^ 

helium they ought to carry double the dectronic charge, 
Regener divided his result by 2 and obtained 

e=4. 79X10““. 

He estimated his error at 3 per cent. Rutherford and 
Geiger made their coimt by letting the a-partides from 
a speck of radium C shoot into a chamber and produce 
therein sufl&dent ionization by collision to cause an 
electrometer needle to jump every time one of them 
entered. These authors measured the total diarge as 
Regener did and, dividing by 2 the charge on each 
a-particle, they obtained 

e=4. 65X10““. 

* Sitmngsber. d. i. Preuss. Akad., XXXVm (1909), 94S. 

* Rutherford and Royds, Phil. Mag., XVH (19^). 
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All detemunations of t from radioactive data involve 
one or the other of these two counts, namely, that of 
Rutherford and Geiger or that of Regener. Thus, 
Boltwood and Rutherford' measured the total weight of 
helium produced in a second by a known weight of 
radium. Dividing this by the number of a-partides 
(helium atoms) obtained from Rutherford and Geiger’s 
count, they obtain the mass of one atom of helium from 
which the niunber in a given weight, or volume since the 
gas density is known, is at once obtained. They pub- 
lished for the munber n of molecules in a gas per cubic 
centimeter at 0^76 cm., «= 2. 69X10'*, which corre- 
sponds to 

«=4.8iXio~'°. 

This last method, like that of the Brownian movements, 
is actually a determination of iV, rather than of e, since e 
is obtained from it only through the relation Ne =9,648 . 9 
electromagnetic units. Indeed, this is true of all 
methods of estimating^c, so far as I am aware, except the 
oil-drop method and the Rutherford-Geiger-RegeUer 
method, and of these two the latter represents the 
measurement of the iman charge on an immense number 
of a-partides. 

Thus a person who wished to contend that the unit 
charge appearing m dectrolysis is only a mean charge 
which may be made up of individual charges which vary 
widely among themsdves, in much the same way in 
which the atomic weight assigned to neon has recently 
been shown to be a mean of the weights of at least two 
' different dements inseparable chemically, could not be 
gainsaid, save on the basis of the Evidence contained in 
■ fm. Uh- ( 6 ), xxn (*911), 599. 
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the oil-drop experiments; for these constitute the only 
method whicli has been foimd of measuring directly the 
charge on each individual ion. It is of interest and sig- 
nificance for the present discussion, however, that the 
mean charge on an a-particle has been directly measured 
and that it comes out, within the limits of error of the 
measurement, at exactly two electrons — as it should 

according to the evidence furnished by — measmements 
on the a-particles. 

n. THE EVIDENCE FOR THE EXISTENCE OF A SUB- 
ELECTRON 

Now, the foregoing contention has actually been 
made, and evidence has been presented which purports 
to show that electric charges exist which are much 
smaller than the electron. Since this raises what may 
called the most fundamental question of 
modern physics, the evidence n^eds very careful con- 
sideration. This evidence can best be appreciated 
through a brief historical review of its origLn. 

The first measurements on the mobilities in electric 
fields of swarms of charged particles of microscopically 
visible sizes were made by H. A. Wilson* in 1903, as 
detailed in chap. iii. These measurements were repeated 
with modifications by other observers, indudmg our- 
selves, during the years immediately following. De 
Broglie’s modification, published in 1908,* consisted in 
sucking the metaUic clouds discovered by Hemsalech 
and De Watteville,* produced by sparks or arcs between 

' Pha. Mai. (6). V (1903). 4*9- 

• Comptes rendits, CJXLVI (1908), 624, loio. 

I Ibid., CXUV (1907). *338. 
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metaJ electrodes, into the focal plane of an ultra- 
microscope and observing the motions of the individual 
particles in this cloud in a horizontol electricol field pro- 
duced by applying a potential difference to tioo vertical 
parallel plates in front of the objective of his microscope. 
In this paper De Broglie first commented upon the fact 
that some of these particles were charged positively, 
some negatively, and some not at all, and upon the 
further fact that holding radium near the chamber 
caused changes in the charges of the particles. He 
promised quantitative measurements of the charges 
themselves. One year later he f ulfill ed the promise,* 
and at practically the same time Dr. Ehrenhaft* pub- 
lished similar measurements made with precisely the 
arrangement described by De Broglie a year before. 
Both men, as Dr. Ehrenhaft clearly pointed out,* while 
observing individual particles, obtained only a mean 
charge, since the different measurements entering into 
the evaluation of e were made on different particles. So 
far as concerns e, these measurements, as everyone agrees, 
were essentially cloud measurements like Wilson’s. 

In the spring and summer of 1909 1 isolated indi- 
vidual water droplets and determined the charges car- 
ried by each one,* and in April, 1910 , 1 read before the 
American Physical Society the full report on the oil-drop 
work in which the multiple relations between charges were 
established, Stokes’s Law corrected, and e accurately 

* /Wi., CXLVm (1909), 1316. 

* Fhys, Zeitschr.f X (1909), 308. 

* Ibid., XL (1910), 619. 

< This paper was published in abstract in Phys. Rev., XXX (1909), 

and Phil. Mag., XDC C1910), 209. 



IS THE ELECTRON ITSELF DIVISIBLE? 163 

determined.* In the following month (May, 1910) 
Dr. Ehrenhaft,’ ha^.-ing seen that a vertical mndenser 
arrangement made possible, as shown theoretically and 
experimentally in the 1909 papers mentioned above, the 
independent determination of the charge on each indi- 
vidual particle, read the first paper in which he had used 
this arrangement in place of the De Broglie arrange- 
ment which he had used theretofore. He reported re- 
sults identical in aU essential particulars with those 
which I had published on water drops the year before, 
save that where I obtained consistent and simple multiple 
relations between charges carried by different particles 
he found no such consistency in these relations. The 
absolute values of these charges obtained on the as- 
sumption of Stokes’s Law fluctuated about values con- 
siderably lower than 4.6X10““. Instead, however, of 
throwing the burden upon Stokes’s Law or upon wrong 
assumptions as to the density of his particles, he re- 
marked in a footnote that Cunningham’s theoretical cor- 
rection to Stokes’s Law,* which he (Ehrenhaft) had just 
seen, would make his values come still lower, and hence 
that no failure of Stokes’s Law could be responsible 
for his low values. He considered his results therefore 
as opposed to the atomic theory of electricity altogether, 
and in any case as proving the existence of charges much 
smaller than that of the electron.* 

* This paper was published in abstract in Phys. XXXI (iQio), 
92; Science^ XXXII (1910), 436; Phys, Zeitschr.^ XI (1910), 1097, 

* Wien, Ber.y CXIX (1910), IE, 809. This publication was appar- 
ently not issued before December, 1910, for it is not noted in Naturom 
Novitates before this date. 

» Proc. Roy, Soc,, LXXXEII (1910), 360. 

4 These resiilts were presented and discussed at great length in the 
fall of 1910; see Pkys. Zdtsekr., XL (1910), 619, 940. 
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The apparent contradiction between these results and 
mirift was explained when Mr. Fletcher and myself 
showed* esperimentally that Brownian movements pro- 
duced just such apparent fluctuations as Ehrenhaft 
observed when the e is computed, as had been done in 
his work, from one single observation of a speed under 
gravity and a corresponding one in an electric field. We 
further showed that the fact that his values fluctuated 
about too low an average value meant simply tliat his 
particles of gold, silver, and mercury were less dense 
because of surface impurities, oxides or the like, than he 
had assumed. The correctness of this explanation 
would be well-nigh demonstrated if the values of Ne 
computed by equations (28) or (29) in chap, vii from a 
large number of observations on Brownian movements 
always came out as in electrolysis, for in these equations 
no assumption has to be made as to the density of the 
particles. As a matter of fact, all of the nine particles 
studied by us and computed by Mr. Fletcher* showed 
the correct value of Ne, while only six of them as com- 
puted by me fell on, or close to, the line which pictures 
the law of fall of an oil drop through air (Fig. 5, p. 106). 
This last fact was not published in 1911 because it took 
me imtil 1913 to determine with sufiicient certainty a 
second approximation to the complete law of fall of a 
droplet throng air; in other words, to extend curves of 

the sort given in Fig. 5 to as large values of 5 as corre- 
spond to particles small enough to show large Brownian 
movements. As soon as I had done this I computed 
all the nine drops which gave correct values of Ne and 
'Pkys. Zeitschr., XH (1911), 161; Pkys. Rev., XXXH (1911), 394. 

RadUm, Vm (1911), *79; Pkys. Rev., XXXIH (1911), 107. 
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£omd that two of them fell far below the line, one more 
fell somewhat below, while one fell considerably above 
it. This meant obviously that these four partides were 
not spheres of oil alone, two of them falling much too 
slowly to be so constituted and one considerably too 
rapidly. There was nothing at all surprising about 
this result, since I had explained fuUy in my first paper on 
oil drops* that until I had taken great precaution to 
obtain dust-free air “the values of came out differoitLy, 
even for drops showing the same velodly under gravity.” 
In the Brownian-movement work no such precautions 
to obtain dust-free air had been taken because we wished 
to test the general validity of equations (28) and (29). 
That we actually used in this test two partides which had 
a mean density very much smaller than that of oil and 
one which was considerably too heavy, was fortunate 
since it indicated that our result was indeed independent 
of the material used. 

It is worthy of remark that in general, even with oil 
drop)s, almost all of those behaving abnormally fall too 
slowly, that is, thqr fall below the line of Fig. 5 and 
only rarely does one fall above it. This is because the 
dust partides which one is likdy to observe, that is, those 
which remain long in suspension in the air, are either in 
general lighter than oil or else espose more surface and 
hence act as though they were lighter. When one works 
with partides made of dense metals this behavior will 
be still more marked, since all surface impurities of what- 
ever sort will Himinisb the density. The possibility, 
however, of freeing oil-drop experiments from all such 
sources of error is shown by the fact that althou^ during 

» Phyt. Ret., XXXIH (1911), $66, 367. 
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the year 1915-16 I studied altogether as many as three 
hundred drops, there was not one which did not fall within 
less than i per cent of the line of Fig, 5. It will be shown, 
too, in this chapter, that in spite of the failure of the 
Vieniia experimenters, it is possible under suitable con- 
ditions to obtain mercury drops which behave, even as 
to law of fall, in practically all cases with perfect con- 
sistency and normality. 

When E. Weiss in Prag and K. Przibram in the 
Vienna laboratory itself, as explained in chap, vii, had 
foimd that Ne for all the substances which they worked 
with, including silver particles like those used by 
Ehxenhaft, gave about the right value of Ne, although 
yielding much too low values of e when the latter was 
computed from the law of fall of silver particles, the 
scientific world practically universally accepted our 
explanation of Ehrenhaft’s results and ceased to concern 
itself with the idea of a sub-electron.* 

In 1914 and 1915, however. Professor Ehrenhaft* and 
two of his pupils, F. Zemer* and D. Konstantinowsky,^ 
published new eAudeiice for the existence of such a sub- 
electron and the first of these authors has kept up some 
discussion of the matter up to the present. These experi- 
menters m a k e three contentions. The first is essentially 
that ^ey have now determined Ne for their particles by 
equation (29) j and although in many instances it comes 
out as in electrolysis, in some instances it comes out from 

' See R. PoU, Jakrbuch der BjtdicactiviUU md Elektronik, VII 

431- 

(1914)^^ '^*******^^**^"’ S 3 -*SS; -Ann. d. Pkys.,XLlV 

» Phys. Zeitschr., XVI (1915), 10. 

< Atm. d. Phys., XLVI (1915), a6i. 
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20 per cent to 50 per cent too low, while in a few cases 
it is as low as one-fourth or one-fifth of the electrolytic 
value. Their procedure is in general to publish, not the 
value of Ne, but, instead, the value of e obtained fr om 
Ne by inserting Perrin’s value of N (70X 10”) in (29) and 
then solving for e. This is their method of determining 
e “from the Brownian movements.” 

Their second contention is the same as that originally 
advanced, namely, that, in some instances, when e is 
determined with the aid of Stokes’s Law of fall (equa- 
tion 12, p. 91), even when Cunningham’s correction or 
my' own (equation 15, p.ioi)is employed, the result 
comes out very much lower than 4.77X10““. Their 
third claim is that the value of e, determined as just 
explained from the Brownian movements, is in general 
higher than the value computed from the law of fall, 
and that the departures become greater and greater the 
smaller the particle. These observers conclude there- 
fore that we oil-drop observers failed to detect sub- 
electrons because our droplets were too big to be able 
to reveal their existence. The minuter particles which 
they study, however, seem to them to bring these sub- 
electrons to light. In other words, they think the value 
of the smallest charge which can he caughi from the air 
actuaUy is a function of the radius of the drop on which 
it is caught, being smaller for small drops than for large 
ones. 

Ehrenhaft and Zemer even analyze our rq>ort on oil 
droplets and find that these also show in certain instances 
indications of sid>-electrons, for they yield in these 
observers’ hands too low values of e, whether computed 
from the Brownian movements or from the law of -fall. 
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When the computations are made in the latter way e is 
found, according to them, to decrease with decreasing 
radius, as is the case in their experiments on particles of 
mercury and gold. 

. m. CAUSES OP THE DISCREPANCIES 

Now, the single low value of Ne which these authors 
find in the oil-drop work is obtained by computing Ne 
from some twenty-five observations on the times of fall, 
and an equal number on the times of rise, of a particle 
which, before we had made any Ne computations at all, 
we reported upon* for the sake of showing that the 
Brownian movements would produce just such fluctua- 
tions as Ehrenhaft had observed when the conditions 
were those under which he worked. When I compute 
Nehy equation (29), using merely the twenty-five times 
of fall, I find the value of Ne comes out 26 per cent low, 
just as Zemer finds it to do. If, however, I omit the 
first reading it comes out but ii per cent low. In other 
words, the omission of one single reading changes the 
result by 15 per cent. Furthermore, Fletcher* has 
shown that these same data, though treated entirely 
legitimately, but with a slightly different grouping than 
that used by Zerner, can be made to 3deld exactly the 
right value of Ne. This brings out clearly the futility 
of attempting to test a statistical theorem by so few 
observations as twenty-five, which is nevertheless more 
than Ehrenhaft usually uses on his drops. Furthermore, 
I shall presently show that unless one observes under 
carefully chosen conditions, his own errors of observation 

• fhys. Zeitschr., XII (1911), 16a. 

•2Wa.,XVI(i9is),3i6. 
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and the slow evaporation of the drop tend to make Ne 
obtained from equation (29) come out too low, and these 
errors may easily be enough to vitiate the resixlt entirely. 
There is, then, not the slightest indication in any work 
which we have thus far done on oil drops that Ne comes 
out too smaU. 

Next consider the apparent variation in e when it is 
computed from the law of fall. Zemer computes e from 
my law of fall in the case of the nine drops published by 
Fletcher, in which Ne came out as in electrolysis, and 
finds that one of them yields c=6.66Xio~“, one 
6=3.97X10“”, one 6=1.32X10“”, one 6=1.7X10“”, 
while the other five yield about the right value, namely, 
4. 8X io“”. In other words (as stated on p. 165 above), 
five of these drops fall exactly on my curve (Fig. 5), one 
falls somewhat above it, one somewhat below, while two 
are entirely off and very much too low. These two, there- 
fore, I concluded were not oil at all, but dust particles. 
Since Zemer computes the radius from the rate of fall, 
these two dust particles which fall much too slowly, and 
therefore yield too low values of e, must, of course, yield 
correspondingly low values of a. Since they are found 
to do so, Zemer concludes that our oil drops, as wdl as 
Ehrenhaft’s mercury partides, yield decreasing values of 
6 with decreasing radius. His own tabulation does not 
show this. It merdy shows three eixatic values of e, 
two of which are very low and one rather high. But a 
glance at all the other data which I have published on 
oil drops shows the complete falsity of this position,* /or 
these data show that after I had ditninated dust all of my 
particles yielded exacUy the same value of * V’ whateioer their 
' Phys. Rev., 11 ( 1913 ), 138 * 



170 THE ELECTRON 

«ae*. The only possible interpretation then which could 
be put on these two particles which yielded correct values 
of Ne, but too slow rates of fall, was that which I put 
upon them, namely, that they were not spheres of oil. 

As to the Vienna data on mercury and gold, Dr. 
Ehrenhaft publishes, all told, data on just sixteen par- 
ticles and takes for his Brownian-movement calculations 
on the average fifteen times of fall and fifteen of rise on 
each, the smallest nwniber being 6 and the largest sf. He 
then computes his statistical average (A/)* from observa- 
tions of this sort. Next he assumes Perrin’s value of N, 
namely, 70X10”, which corresponds to e-4.1, and 
obtains instead by the Brownian-movement method, i.e., 
the Ne method, the following values of e, the exponential 
term being omitted for the sake of brevity: 1.43, 2.13, 
1.38,3.04,3.5,6.92,4.42,3.28, .84. Barring the first 
three and the last of these, the mean value of e is just 
about what it should be, namely, 4.22 instead of 4. i. 
Further, the first three particles are the heaviest ones, 
the first one falling between his cross-hairs in 3 . 6 seconds, 
and its fluctuations in time of fall are from 3.2 to 3. 85 
seconds, that is, three-tenths of a second on either side 
of the mean value. Now, these fiuclualions are only 
slightly greater than those which the average observer wttf 
make in timing the passage of a uniformly moving body 
across equally spac^ cross-hairs. This means tliat in 
these observations two nearly equally potent causes were 
operating to produce fluctuations. The observed Ai’s 
were, of course, then, larger than those due to Brownian 
movements alone, and might easily, with but a few 
observations, be two or three times as large. Since 

• See Pkys. Rn., 11 (1913), 134-3S. 
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appears in the denominator of equation (29), it will 
be seen at once that because of the observer’s tuning 
errors a series of observed Afs will always tend to be 
larger than the AI due to Brownian movements alone, 
and hence that the Brownian-movement method always 
tends to yield too low a value of Ne, and accordingly 
too low a value of e. It is only when the observer's mean 
error is wholly negligible in comparison with the Brownian- 
movement fluduations that this method will not yield too 
low a value of e. The overlooking of this fact is, in my 
judgment, one of the causes of the low values of e 
recorded by Dr. Ehrenhaft 

Again, in the original work on mercury droplets 
which I produced both by atomizing liquid mercury and 
by condensing the vapor from boiling mercury,* I noticed 
that such droplets evaporated for a time even more 
rapidly than oil, and other observers who have since 
worked with mercury have reported the same behavior.* 
The amount of this effect may be judged from the fact 
that one particular droplet of mercury recently under 
observation in this laboratory had at first a speed of 
I cm. in 20 seconds, which changed in half an hour to 
I cm. in $6 seconds. The slow cessation, however, of 
this evaporation indicates that the drop slowly becomes 
coated with some sort of protecting film. Now, if any 
evaporation whatever is going on while successive times 
of fall are being observed — and as a matter of fact 
changes due to evaporation or ccmdensation are always 
taking place to some extent— the apparmt will be 
larger than that due to Brownian movemente, even 

* Pkys. jRw., XXXU (1911), 389. 

■ S«e Scbidbf et Razpowics, Comtttf retidm, ^VPI (x 9 Z 4 )t loi*- 
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though these movements are large enough to prevent the 
observer from noticing, in taking twenty or thirty read 
ings, that the drop is continually changing. These 
changes combined with the fluctuations in / due to the 
observer’s error are sufficient, I think, to explain all of the 
low values of e obtained by Dr. Ehrenhaft by the 
Brownian-movement method. Indeed, I have myself 
repeatedly found Ne coming out less than half of its 
proper value until I corrected for the evaporation of the 
drop, and this was true when the evaporation was so 
slow that its rate of fall chaiigcd but i or 2 per cent in a 
half-hour. But it is not merely evaporation which intro- 
duces an error of this sort. The running down of the 
batteries, the drifting of the drop out of focus, or any- 
thing which causes changes in the times of passage 
across the equally spaced cross-hairs tends to decrease 
the apparent value of Ne. There is, then, so far as 1 can 
see, no evidence at all in any of the data published to date 
that the Brownian-movement method actually does yield loo 
low a value of and very much positive evidence that it 
does not was given in the preceding chapter. 

Indeed, the same type of Browman-movement work 
which Fletcher and I did upK>n oil-drops in iq 10 an<l igi i 
(see preceding chapter) was done in igao and igar in 
Vienna with the use of particles of selenium, and with re- 
sults which are in complete harmony with nur own, I'hc 
observer, E. Schmid,* takes as many as 1,500 “times of 
fall” upon a given particle, the radius of which is in one 
case as low as 5X10-® cm. — quite as minute as any used 
by Dr. Ehrenhaft— and obtains in all cases values of e 

‘E. Srfunid, Wim. AM. Bar., CXXDC 813, utA gfP, V 

(ipai), 37. 
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by “the Brownian-movement method” which are in as 
good agreement with our own as could be e35)ected in 
view of the necessary observational error. This com- 
plete check of our work in Vienna itself should close the 
argument so far as the Brownian movements are con- 
cerned. 

That e and a computed from the law of fall become 
farther and farther removed from the values of e and a 
computed from the Brownian movements, the smaller 
these particles appear to be, is just what would be 
expected if the particles under consideration have surface 
impurities or non-spherical shapes or else are not mer- 
cury at all.' If, further, exact multiple relations hold 
for them, as at least a dozen of us, including Dr. Ehren- 
haft himself, now find that they invariably do, there is 
scarcely any other interpretation possible except that 
of incorrect assumptions as to density.' Again, the fact 
that these data are all taken when the observers are 
working with the exceedingly dense substances, mercury 
and gold, volatilized in an electric arc, and when, therefore, 
anything not mercury or gold, but assumed to be, 
would yield very low values of e and a, is in itself a very 
significant circumstance. The further fact that Dr. 
Ehrenhaf t implies that normal values of e very frequently 
appear in his work,* while these low erratic drops repre- 
sent only a part of the data taken, is suggestive. V^en 

‘ R. B&r, in a series of articles recently summjarized in Dk Nahit- 
toissenschaftm, Vols. XIV and XV, 192a, has emphasized this point 
His data serve merely as a new ched: upon the work found in our pre^ 
ceding tables. 

•**Die bei gr5sseren Partikeln unter gewissen Umstanden bei 
gleicher Art der Erzeugung haufig wiederkehrenden hdheren Quanten 
waren Hann etwa als stabilere rilumliche Gleichgewichtsverteilungen 
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one considers, too, that in place of the beautiful con- 
sistency and duplicability shown in the oil-drop work. 
Dr. Ehrenhaft and his pupils never publish data on any 
two particles which yield the same value of e, but instead 
find only irregularities and erratic behavior,’ just as 
they would expect to do with non-uniform particles, or 
with particles having dust specks attached to them, 
one wonders why any explanation other than the foreign- 
material one, which explains all the difficulties, has ever 
been thought of. As a matter of fact, in our work with 
mercury droplets, we have found that the initial rapid 
evaporation gradually ceases, just as though the droplets 
had become coated with some foreign film which pre- 
vents further loss. Dr. Ehrenhaft himself, in speaking 
of the Brownian movements of his metal particles, com- 
ments on the fact that they seem at first to show large 
movements which grow smaller with time.* This is 
just what would happen if the radius were increased by 
the growth of a foreign film. 

Now what does Dr. Ehrenhaft say to these very 
obvious 'suggestions as to the cause of his troubles ? 
Merely that he has avoided all oxygen, and hence that 

£eser Sub-dectioii anzusehen, die dich unter gewisaea UmiUnden 
eigeben."— JTmw. Ser., CXXIIl, 59. 

‘Thdff whole case is summarized in the tables in Am. 4. Pkys., 
XLW (1914}, 693, and XLVl (19x5}, »9», and it U recommended that 
ail interested in this discussion tahe the time to giance at the data oo 
these pages, for the data themselves are so erratic as to render dii- 
cussbp needless. 

‘ “Wle ich 'in mdnen frOheren Publikationea erwlhnt 
die ultramikroskopischen Metallpartikel, unmittelbar nadh der Eraeu- 
gung beobachtet, eine viel lebhaftere Brownadu Beweguag als Bach 
einer halbot Stunde.”— ZtittOr., XU, 98. 



IS THE ELECTRON ITSELF DIVISIBLE? 175 

an oxide film is impossible. Yet he makes Ms metal 
particle by striking an electric arc between metal dedrodes. 
This, aa everyone knows, brings out all sorts of occluded 
gases. Besides, chemical activity in the electric arc is 
tremendously intense, so that there is opportunity for 
the formation of all sorts of higher nitrides, the piris tprifp 
of which in the gases coming from electric arcs has many 
times actually been proved. Dr. Ehrenhaft says further 
that he photographs big mercury droplets and finds 
spherical and free from oxides. But the fact that some 
drops are pure mercury is no reason for assumin g that all 
of them are, and it is only the data on those which are 
not which he publishes. Further, because big drops 
which he can see and measure are of mercury is no 
justification at all for assuming that sub-microscopic 
particles are necessarily also spheres of pure mercury. 
In a word. Dr. Ehrenhaft’s tests as to sphericity and 
purity are all absolutely worthless as applied to the par- 
ticles in question, which according to him have radii of 
the order 10-* cm. — a figure a hxmdred times below the 
limit of sharp resolution. 

rv. THE BEARING OF THE VIENNA WORK ON THE QUES- 
TION OF THE EXISTENCE OF A SUB-ELECTRON 

But let us suppose that these observers do actually 
work with paijades of pure mercury and gold, as they 
think they do, and that the observational and evapora- 
tional errors do not accormt for the low values of Ne. 
Hien what conclusion could legitimately be drawn firom 
their data? Merely this and nothing more, that 
(i) h^tein’s BrQwnian-movement equation is not uni- 
versally api^ficablE, and (2) that the law of motion of' 
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their very minute charged particles through air is not 
yet fully known/ So long as they find exact multiple 
relationships, as Dr. Ehrenhaft now does, between the 
charges carried by a given particle when its charge is 
changed by the capture of ions or the direct loss of elec- 
trons, the charges on these ions must be the same as the 
ionic charges which I have accurately and consistently 
measured and found equal to 4.80X10' electrostatic 
units; for they, in their experiments, capture exactly the 
same sort of ions, produced in exactly the same way as 
those which I captured and measured in my experiments. 
That these same ions have one sort of a charge when 
captured by a big drop and another sort when captured 
by a little drop is obviously absurd. If they are nol the 
same ions which are caught, then in order to reconcile the 
results with the existence of the exact mtdtiple relationship 
found by Dr. Ehrenhaft as well as ourselves, it would be 
necessary to assume that there exist in the air an infinite 
number of different kinds of ionic charges corresponding to 
the infinite number of possible radii of drops, and that when 
a powerful electric field drives all of these ions toward a 
given drop this drop selects in each instance Just the charge 
which corresponds to its particular radius. Such an 
assumption is not only too grotesque for serious con- 
sideration, but it is directly contradicted by my experi- 
ments, for I have repeatedly pointed out that with a 

pven value of - 1 obtain exactly the same value of 
whether I work with big drops or with little ones. 

< In my own opinion tliis is a conclusion eontraiy to fact, since in a 
recent paper (see Fhys. Ret., July, 1933) I have fully aatablished ths 
“Complete Law of FaU.” 
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V. KKW PROOF OF THE CONSTANCY OF 6 

For the sake of subjecting the constancy of e to the 
most searching test, I have made new measurements 
of the same kind as those heretofore reported, but using 
now a range of sizes which overlaps that in which Dr. 
Ehrenhaft works. I have also varied through wide 
limits the nature and density of both the gas and the 
drops. Fig. 13 (I) contains new oil-drop data taken in 
air; Fig. 13 (II) sinoilar data taken in hydrogen. The 
radii of these drops, computed by the very exact method 
given in the Physical Review,^ vary tenfold, namely, 
from .000025 cm. to .00023 cm. Dr. Ehrenhait’s range 
is from .000008 cm. to .000025 cm. It will be seen that 
these drops fall in every instance on the lines of Fig. 13, 
I and II, and hence that they all yield exactly the same 
value of e*, namely, 6i.iXio“*. The details of the 
measurements, which are just like those previously given, 
will be entirely omitted. There is here not a trace of an 
indication that the value of “e” becomes smaller as “a” 
decreases. The points on these two curves represent 
consecutive series of observations, not a single drop 
being omitted in the case of either the air or the hydro- 
gen. This shows the complete uniformity and con- 
sistency which we have succeeded in obtaining in the 
work with oil drops. 

That mercury drops show a sunilar behavior was 
somewhat imperfectly shown in the original observations 
which I published on mercury.* I have since fully con- 
firmed the conclusions there reached. That mercury 
drops can with suitable precautions be made to behave 

• U (19x3). X17. 

' lUd ., CCC (1911), .<189-90. 
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practically as consistently as oil is shown in Fig. 13 (III), 
which represents data obtained by blowing into the 
observing chamber above the pinhole in the upper plate a 
cloud of mercury droplets formed by the condensation 
of the vapor arising from boiling mercury. These results 
have been obtained in the Ryerson Laboratory with my 
apparatus by Mr. John B. Derieux. Since the pressure 
was here always atmospheric, the drops progress in the 
order of size from left to right, the largest having a 
diameter about three times that of the smallest, the 
radius of which is .00003244 cm. The original data may 
be found in the Physical Review, December, 1916. In 
Fig. 13 (IV) is found precisely similar data taken with 
my apparatus by Dr. J. Y. Lee on solid spheres of shellac 
falling in air.* Further, very beautiful work, of this 
same sort, also done with my apparatus, has recently 
been published by Dr. Yoshio Ishida {Phys. Rev., May, 
1923), who, using many different gases, obtains a group 
of lines like those shown in Fig. 13, aU of which though 
of different slopes, converge upon one and the same value 
of “el,” namely, 6 i.o 8 Xxo~'. 

These residts establish with absolute conclusioeness the 
correctness of the assertion that the apparent valm of the 
electron is not in general a function of the gas in which 
the particle falls, of the maieriois used, or of the radius of 
the drop on which it is caught, even when that drop is of 
mercury, and even when it is as small as some of those 

* The lesults shown in Fig. *3 do not lay claim to the prediion 
reached in those recorded in Table X and Fig. 10. No pr»- 

caudons were here taken in the calibration of the Hipp chrmoecope and 
the voltmeter, and it is due to slight erron discovered later la thnii 
citations that the slope of line 1 in Fig. 13 Ii not quite in agteoBMOt 
with the slope in Fig. ro. 
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with which Dr. Ehrenhaft obtained his erratic results. 
If it appears to be so with his drops, the cause cannot 
possibly be found in actual fluctuations in the charge of 
the electron without denying completely the validity of 
my results. But these results have now been checked , in 
their essential aspects, by scores of observers, including 
Dr. Ehrenhaft himself. Furthermore, it is not my results 
alone with which Dr. Ehrenhaft’s contention clashes. 
The latter is at variance also with all experiments like 
those of Rutherford and Geiger and Regener on the meas- 
urement of the charges carred by a- and jS-particles, for 
these are infinitely smaller than any particles used by Dr. 
Ehrenhaft; and if, as he contends, the value of the unit 
out of which a charge is built up is smaller and smaller 
the smaller the capacity of the body on which it is found, 
then these a-particle charges ought to be extraordinarily 
minute in comparison with the charges on our oil drops. 
Instead of this, the charge on the a-particle comes out 
exactly twice the charge which I measure in my oil-drop 
experiments. 

While then it would not be in keeping with the spirit 
or with the method of modem science to make any dog- 
matic assertion about the existence or non-existence of a 
sub-electron, it can be asserted with entire confidence 
that there has not appeared up to the present a scrap of 
evidence for the existence of charges smaller ♦Han the 
electron. If all of Dr. Ehrenhaft’s assumptions as to the 
nature of his particles were correct, then ids experiments 
would mean simply that Einstein’s Brownian-movement 
equation is not of universal validity and that the law of 
motion of minute charged particles is quite different from 
that which he has assumed. It is «tceedin|dy unlikely that 
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either of these results can be drawn from his e:q>erunents, 
for Nordlund' and Westgren* have apparently verified 
the Einstein equation in liquids with very mu^ smaller 
particles than Dr. Ehrenhaft uses; and, on the other 
hand, while I have worked with particles as small as 

I 

2 X IO-* cm. and with values of - as large as 135,- which is 

CL 

very much larger than any which appear in the work of 
Dr. Ehrenhaft and bis pupils, I have thus far found no 
evidence of a law of motion essentially different from 
that which I published in 1913, and further elaborated 
and refined in 1923. 

There has thm appeared up to the present time no evi- 
dence whatever for the existence of a sub-dectron. The 
chapter having to do with its discussion is now considered 
for the present at least to have been closed,* but it consti- 
tutes an interesting historical document worthy of study 
as an illustration on the one hand of the solidity of the 
foundations upon which the atomic theory of electricity 
now rests, and on the other hand of the severity of the 
gauntlet of criticism which new results mtist run before 
they gain admission to the body of established truth in 
physics. 

* Zni. far Phys. Ckem., LXXXVK (19x4), 40 - 

• InauS^untJ DissertJitioii von Ame "Westgron, Unt&tsuchungen Ober 
Brotonscke Bewegung, Stockholm, 19x5. 

>R. Bttr, “Der Sti«t uin dsisElAtron,” Dit Nati 4 rwiueiachaftat, 
1922. 



CHAPTER IX 

THE STRUCTURE OF THE ATOM 

We have shown in the preceding chapters how within 
the last five decades there has been discovered beneath 
the nineteenth-century world of molecules and atoms a 
wholly new world of electrons, the very existence of 
which was undreamed of fifty years ago. W’e have 
seen that these electrons, since they can be detached by 
X-rays from all kinds of neutral atoms, must be con- 
stitutents of all atoms. Whether or not they are the sole 
constituents we have thus far made no attempt to tleter- 
mine. We have concerned ourselves with studying the 
properties of these electrons themselves and have found 
that they are of two kinds, negative and po.silivc, which 
are, however, exactly alike in strength of charge but 
wholly different in inertia or mass, the negative being 
commonly associated with a mass which is but 1/1,837 
of that of the lightest known atom, that of hydrogen 
while the positive appears never to be associated with 
a mass smaller than that of the hydrogen atom. W« 
have found how to isolate and measure accurately the 
electronic charge and have found that this was the key 
which unlocked the door to many another otherwise 
inaccessible physical magnitude. It is the purpose of 
this chapter to consider certain other fields of exact 
knowledge which have been opened up through the 
measurement of the electron, and in particular to discuss 
what the physicist, as he has peered with his newly dis- 
covered agencies, X-rays, radioactivity, ultra-violet 
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light, etc., into the insides of atoms, has been able to 
discover regarding the numbers and sizes and relative 
positions and motions of these dectronic constituents, 
and to show how far he has gone in answering the 
question as to whether the electrons are the sole building- 
stones of the atoms. 

I. THE SIZES OF ATOMS 


One of the results of the measurement of the electronic 
charge was to make it possible to find the quantity which 
is called the diameter of an atom with a definiteness and 
precision theretofore altogether unattained. 

It was shown in chap, v that the determination of e 
gave us at once a knowledge of the exact number of 
molecules in a cubic centimeter of a gas. Before this 
was known we had fairly satisfactory information as to 
the relative diameters of different molecules, for we 
have known for a hundred years that different gases 
when at the same temperature and pressure possess the 
same number of molecules per cubic centimeter (Avo- 
gadro’s rule). From this it is at once evident that, as 
the molecules of gases eternally dart hither and thither 
and ricochet against one another and the walls of the 
containing vessel, the average distance through which 
one of them will go between collisions with its nei^bors 
will depend upon how big it is. The larger the diameter 
the less will be the mean distance between collisions — a, 
quantity which is technically called “the mean free path.” 
Indeed, it is not difficult to see that in different gases the 
mean free path 1 is an inverse measure of the molecular 
cross-section. The exact relation is easily deduced (see 
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in which d is the molecular diameter and n is the number 
of molecules per cubic centimeter of the gas. Now, we 
have long had methods of measuring I, for it is upon 
this that the coeflSlcient of viscosity of the gas largely 
depends. When, therefore, we have measured the 
viscosities of different gases we can compute the corre- 
sponding 1 % and then from equation (31) tlie relative 
diameters d, since n is the same for all gases at the same 
temperature and pressure. But the absolute value of 
d can be found only after the absolute value of » is 
known. If we insert in equation (31) the value of « 
found from e by the method presented in chap, v, it is 
found that the average diameter of the atom of the 
monatomic gas helium is 2X10“* cm., tlrat of the dia- 
tomic hydrogen molecule is a trifle more, while the diam- 
eters of the molecules of the diatomic gases, oxygen and 
nitrogen, are 50 per cent larger.* This would make the 
diameter of a single atom of hydrogen a trifle smaller, 
and that of a single atom of oxygen or nitrogen a trifle 
larger than that of helium. By the average molecular 
diameter we mean the average distance to which the 
centers of two molecules approach one another in such 
impacts as are continually occurring in connection with 
the motions of thermal agitation of gas molecules — this 
and nothing more. 

As will presently appear, the reason that two mole- 
cules thus rebound from one another when in their 
motion of thermal agitation their centers of gravity ap- 
proach to a distance of about 2X10“* cm. is presumably 
that the atom is a system with negative electrons in its 
outer regions. When these negative electrons in two 

* R. A. Millikan, Phys. Set., XXXII (19H), 397, 
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different systems which are coming into collision ap- 
proach to about this distance, the repulsions between 
these similarly charged bodies begin to be felt, although 
at a distance the atoms are forceless. With decreasing 
distance this repulsion increases very rapidly until it 
becomes so great as to overcome the inertias of the 
systems and drive them asunder. 

n. THE RADIUS OF THE ELECTRON FROM THE ELECTRO- 
MAGNETIC THEORY OF THE ORIGIN OF MASS 

The first estimates of the volume occupied by a 
single one of the electronic constituents of an atom were 
obtained from the electromagnetic theory of the origin 
■of mass, and were therefore to a pretty large degree 
speculative, but since these estimates are strikingly in 
accord with results which follow from direct experiments 
and are independent of any theory, and since, further, 
they are of extraordinary philosophic as well as historic 
interest, they will briefly be presented here. 

Since Rowland proved that an electrically charged 
body in motion is an electrical current the magnitude 
of which is proportional to the speed of motion of the 
charge, and since an electric current, by virtue of the 
property called its self-induction, opposes any attempt 
to increase or diminish its magnitude, it is dear that an 
electrical charge, as such, possesses the property of 
inertia. But inertia is the only invariable property 
of matter. It is the quantitative measure of matter, 
and matter quantitatively considered is called mass. It 
is clear, then, theoretically, that an electrically charged 
pith ball must possess more mass than the same pith 
ball when uncharged. But when we compute how much 
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the mass of a pith ball is increased by any charge which 
we actually get it to hold, we find that the increase 
is so extraordinarily minute as to be hop^ssly beyond 
the possibility of experimental detection. However, 
the method of making this computation, which was first 
pointed out by Sir J. J. Thomson in i88i,* is of unques- 
tioned validity, so that we may feel quite sure of the 
correctness of the result. Further, when we combine 
the discovery that an electric charge possesses the dis- 
tinguishing property of matter, namely, inertia, with 
the discovery that all electric charges are built up out 
of electrical specks all alike in charge, we have made it 
entirely legitimate to consider an electric current as the 
passage of a definite, material, granular substance along 
the conductor. In other words, the two entities, electricity 
and matter, which the nmeteenth century tried to keep 
distinct, begin to look like different aspects of me and the 
same thing. 

But, though we have thus justified the statement 
that electricity is material, have we any e'vddence as yet 
that all matter is electrical— that is, that all inertia is 
of the same origin as that of an electrical charge ? The 
answer is that we have evidence, but as yet no proof. 
The theory that this is the case is still a speculation, 
but one which rests upon certain very sig nificant facts. 
These facts are as follows: 

If a pith ball is spherical and of radius a, then the 
mass m due to a charge E spread utriformly over its sur- 
face is given, as is shown in Appendix D by, 


mtm , 

3 0 


(ja) 


J. J. Thomson, Pyt. Hut.. XI (i88i), «•». 
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Hie point of especial interest in this result is that the 
mass is inversely proportional to the radius, so that the 
smaller the sphere upon which we can condense a given 
charge E the larger the mass of that charge. If, then, we 
had any means of measuring the minute increase in mass 
of a pith ball when we charge it electrically with a known 
quantity of electricity E, we could compute from equation 
(32) the size of this pith ball, even if we could not see 
it or measure it in any other way. This is much the sort 
of a position in which we find ourselves with respect to 
the negative electron. We can measure its mass, and it is 
found to be accurately 1/1,837 of that of the hydrogen 
atom. We have measured accurately its charge and 
hence can compute the radius a of the equivalent sphere, 
that is, the sphere over which e would have to be uni- 
formly distributed to have the observed mass, provided 
we assume that the observed mass of the electron is all 
due to its charge. 

The justification for such an assumption is of two 
kinds. First, since we have foimd that electrons are 
constituents of all atoms and that mass is a property 
of an electrical charge, it is of course in the interests 
of simplicity to assume that all the mass of an atom is 
due to its contained electrical charges, rather than that 
there are two wholly different kinds of mass, one of 
electrical origin and the other of some other sort of an 
origin. Secondly, if the mass of a negative electron 
is all of electrical origin, then we can show from electro- 
magnetic theory that this mass ought to be independent 
of the speed with which the electron may chance to be 
moving unless that speed approaches close to the speed 
of light. But from one-ten^ the speed of lig^t up to 
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that speed the mass ought to vary with speed in a 
definitely predictable way. 

Now, it is a piece of rare good fortune for the testing 
of this theory that radium actually does eject negative 
electrons with speeds which can be accurately measured 
and which do vary from three-tenths up to ninety-eight 
hundredths of that of light. It is further one of the 
capital discoveries of the twentieth century^ that within 
these limits the observed rate of variation of the mass 
of the negative electron with speed agrees accurately with 
the rate of variation computed on the assumption that this 
mass is aU of electrical origin. Such is the experimental 
argument for the electrical origin of mass.’ 

Solving then equation (32) for a, we find that the 
radius of the sphere over which the charge e of the 
negative electron would have to be distributed to have 
the observed mass is but 2Xio“’» cm., or but one fifty- 
thousandth of the radius of the atom (io“*cm.). From 
this point of view, then, the negative electron represents a 
charge of electricity which is condensed into an exceed- 
ingly minute volume. In fact, its radius cannot be 
larger in comparison with the radius of the atom than 
is the radius of the earth in comparison with the radius 
of her orbit about the sun. 

La the case of the proton (the positive electron asso- 
ciated with the mass of the nucleus of the atom of 
hydrogen) there is no direct experimental justification 
for the assumption that the mass is also wholly of elec- 
trical origin, for we cannot by any means whatever ob- 

• Bucherer, Annden der Fhysik, XXVIII (1909), 513. 

* The inadequacy in this argument arises from the fact that Einstein’s 
ThTOty of Relativity requires that aU mass, whether of electromagnetic 
origin or not, varies in just this way with speed. 
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tain as yet any protons which are endowed with speeds 
greater than a few tenths of that of light. But in view 
of the experimental results obtained with the negative 
electron, the carrying over of the same assumption to the 
proton has been at least natural. Further, if this step 
be taken, it is clear from equation (32), since m for this 
positive is nearly two thousand times larger than m for 
the negative, that a for the positive can be only 1/2,000 
of what it is for the negative. In other words, the size 
of the proton would be to the size of the negative electron 
as a sphere having a two-mile radius would be to the size 
of the earth. From the standpoint, then, of the electro- 
magnetic theory of the origin of mass, the dimensions of 
the negative and positive constituents of atoms in com- 
parison with the dimensions of the atoms themselves are 
like the dimensions of the planets and asteroids in com- 
parison with the size of the solar system. All of these 
computations, whatever their value, are rendered pos- 
sible by the fact that e is now known. 

Now we know from methods which have nothing to 
do with the electromagnetic theory of the origin of 
masc, that the excessive minuteness predicted by that 
theory for both the positive and the negative constitu- 
ents of atoms is in fact correct, though we have no evi- 
dence as to whether the foregoing ratio is right. 

TTT Dinncx EXPERIMENTAL PROOF OP THE EXCESSIVE 
MINUTENESS OF, THE ELECTRONIC CONSTITUENTS 
OF ATOMS 

For at least forty years we have had direct experi- 
mental proof' that the fastest of the a-particles, or 

> Bragg, PMl. Mag., VIII (1904)1 7 i 9 i 7*6; X (1905), 318; XI 
(1906), 617. 
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helium atoms, which are ejected by radium, shoot in 
practically straight lines through as much as 7 cm. of 
air at atmospheric pressure before being brought to rest. 
This distance is then called the “range” of these a-rays. 
Figs. 14 and 15 show actual photographs of the tracks of 
such particles. We know too, for the reasons given on 
p. 139, that these a-particles do not penetrate the air 
after the manner of a bullet, namely, by pushing the 
molecules of air aside, but rather that they actually 
shoot through all the molecules of air which they encoun- 
ter. The number of such passages through molecules 
which an o-particle would have to make in traversing 
seven centimeters of air would be about a hundred and 
thirty thousand. 

Further, the very rapid jS-particIes, or negative 
electrons, which are shot out by radium have been 
known for a still longer time to shoot in straight lines 
through much greater distances in air than 7 cm., and 
even to pass practically undeflected through appredable 
thicknesses of glass or metal. 

We saw in chap, vi that the tracks of both the a- and 
the /J-particles through air could be photographed 
because they ionize some of the molecules through which 
they pass. These ions then have the property of con- 
densing water vapor about themselves, so that water 
droplets are formed which can be photographed by 
virtue of the light which they reflect. Fig. 1 7 shows the 
track of a very high-speed fl-ray . A Httle to the right of 
the middle of the photograph a straight line can be 
drawn from bottom to top which will pass through a 
great many pairs of specks. These specks are the 
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water droplets formed about the ions which were pro- 
duced at these points. Since we know the size of a 
molecule and the number of molecules per cubic centi- 
meter, we can compute, as in the case of the a-particle, 
the number of molecules through which a /3-particle 
must pass in going a given distance. The extraordinary 
situation revealed by this photograph is that this par- 
ticular particle shot through on an average as many as 
300 atoms before it came near enough to an elec- 
tronic constituent of any one of these atoms to detach 
it from its S3^tem and form an ion. This shows con- 
cPusively that tJie electronic or other constituents of atoms 
can occupy but an exceedingly small fraction of the space 
inclosed within the atomic system. Practically the whole 
of this space must be empty to an dectron going with 
this speed. 

The left panel in the lower half of the plate (Fig. 16) 
shows the track of a negative electron of much slower 
speed, and it will be seen, first, that it ionizes mudi 
more frequently, and, secondly, that instead of continu- 
ing in a straight line it is deflected at certain points 
from its original direction. The reason for both of these 
facts can readily be seen from the considerations on 
p. 139, which it may be worth while to extend to the case 
m hand as follows. 

K a new planet or other relatively small body were 
to shoot with stupendous speed through our solar sys- 
tem, the time which it spent within our system might 
be so small that the force between it and the earth or 
any other member of the solar system would not have 
time either to deflect the stranger from its path or to 
pull the earth out of its orbit. If the speed of the strange 
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body were smaller, however, the effect would be more 
disastrous both to the constituents of our solar system 
and to the path of the strange body, for the latter 
would then have a much better chance of pulling one 
of the planets out of our solar system and also a 
much better chance of being deflected from a straight 
path itself. The slower a negative electron moves, 
then, the more is it liable to deflection and the more 
frequently does it ionize the molecules through which 
it passes. 

This conclusion finds beautiful experimental con- 
firmation in the three panels of the plate opposite this 
page, for the speed with which X-rays hurl out negative 
electrons from atoms has long been known to be much 
less than the speed of /J-rays from radium, and the wggag 
tracks in these photographs are the paths of these cor- 
puscles. It will be seen that they bend much more often 
and ionize much more frequently than do the rays shown 
in Figs. 16 and r7. 

But the study of the tracks of the a-particles (Figs. 14 
and IS, opposite p. 190) is even more illuminating as 
to the structure of the atom. For the o-particle, being 
an atom of helium eight thousand times more massive 
than a negative electron, could no more be deflected by 
one of the latter in an atom through which it pf> 9 nn 
than a cannon ball could be deflected by a pea. Yet 
Figs. 14 and 15 show that toward the end of its path 
the a-particle does in general suffer several sudden 
deflections. Such deflections could btf produced only 
by a very powerful center of force within the atom 
whose mass is at least comparable with the of the 
helimn atom. 
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These sharp deflections, which occasionally amount 
to as much as 150° to i8o“, lend the strongest of support 
to the view that the atom consists of a heavy positively 
charged nucleus about which are grouped enough elec- 
trons to render the whole atom neutral. But the fact 
that in these experiments the o-particle goes through 
r 30,000 atoms without approaching near enough to this 
central nucleus to suffer appreciable deflection more 
than two or three times constitutes the most convincing 
evidence that this central nucleus which holds the nega- 
tive electrons within the atomic system occupies an 
excessively minute volume, just as we computed from 
the electromagnetic theory of the origin of mass that 
the proton, for example, should do. Indeed, knowing as 
he did by direct measurement the speed of the a-particle, 
Rutherford, who is largely responsible for the nucleus- 
atom theory, first computed,* with the aid of the inverse 
square law, which we know to hold between charged 
bodies of dimensions which are small compared with their 
distances apart, how close the a-particle would approach 
to the nucleus of a given atom like that of gold before 
it would be turned back upon its course (see Appendix F). 
The result was in the case of gold, one of the heaviest 
atoms, about 10“** cm., and in the case of hydrogen, the 
lightest atom, about io~** cm. These are merely upper 
limits for the dimensions of the nuclei. 

However uncertain, then, we may feel about the 
sizes of positive and negative electrons computed from 
the electromagnetic theory of the origin of the mass, we 
may regard it as fairly well established by such direct 
experiments as these that the electronic constituents 

’Phil. Mag., XXI (1911). 669. 
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of atoms are as small, in comparison with the dimensions 
of the atomic systems, as are the sun and planets in 
comparison with the dimensions of the solar system. 
Indeed, when we reflect that we can shoot helitun atoms 
by the billion through a thin-walled highly evacuated 
glass tube without leaving any holes behind, i.e., without 
impairing in the slightest degree the vacuum or percep- 
tibly weakening the glass, we see from this alone that 
the atom itself must consist mostly of “hole”; in other 
words, that an atom, like a solar system, must be an 
exceedingly loose structure whose impenetrable portions 
must be extraordinarily minute in comparison with the 
penetrable portions. The notion that an atom can 
appropriate to itself all the space within its boundaries 
to the exclusion of all others is then altogether exploded 
by these experiments. A particular atom can certainly 
occupy the same space at the same time as any other 
atom if it is only endowed with sufficient kinetic energy. 
Such energies as correspond to the motions of thermal 
agitation of molecules are not, however, sufficient to 
enable one atom to penetrate the boundaries of another, 
hence the seeming impenetrability of atoms in ordinary 
experiments in mechanics. That there is, however, a 
portion of the atom which is wholly impenetrable to the 
alpha particles is definitely proved by experiments of 
the sort we have been considering; for it occasionally 
happens that an alpha particle hits this nucleus “head 
on,” and, when it does so, it is turned straight back 
upon its course. As indicated above, the size of this 
impenetrable portion, which may be defined as the size 
of the nucleus, is in no case larger than i/io,ooo the 
diameter of the atom, and yet there may be canta4»ed within 
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it, as will presently be shown in the case of uranium gz 
positive electrons, so that the excessive minuteness of these 
bodies is established, altogether without reference to any 
theory as to what they are. 

IV. IHE NUMBER OF ELECTRONS IN AN ATOM 

K it be considered as fairly conclusively established 
by the experiments just described that an atom consists 
of a heavy but very minute positively charged nucleus 
which holds light negative electrons in some sort of a 
configuration about it, then the number of negative 
electrons outside the nucleus must be $uch as to have a 
total charge equal to the free positive charge of the 
nucleus, since otherwise the atom could not be neutral. 

But the positive charge on the nucleus has been 
approximately determined as follows: With the aid of 
the knowledge, already obtained through the determina- 
tion of e, of the exact number of atoms in a given weight 
of a given substance. Sir Ernest Rutherford* first com- 
puted the chance that a single helium atom in being 
shot with a known speed through a sheet of gold foil 
containing a known number of atoms per unit of area of 
the sheet would sujfier a deflection through a given angle. 
This computation can easily be made in terms of the 
known kinetic energy and charge of the a-particle, 
the known number of atoms in the gold foil, and the 
unknown charge on the nucleus of the gold atom (see 
Appendix F). Geiger and Marsden* then actually 
counted in Rutherford’s laboratory, by means of the 
sdntiUations produced on a dnc-sulphide screen, what 

« pm. XXI (1911), 669-S8. 

• Ibid., XXV (1913), 604. 
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fraction of, say, a thousand a-partides, which were 
shot normally into the gold foil, were deflected through 
a given angle, and from this observed number and 
Rutherford’s theory they obtained the number of free 
positive charges on the nudeus of the gold atom. 

Repeating the experiment and the computations 
with foils made from a considerable number of other 
metals, they found that in every case the number of free 
positive charges on the atoms of different substances was 
approximately eqtud to half its atomic weight. This 
means that the aluminum atom, for example, has a 
nudeus containing about thirteen free positive charges 
and that the nudeus of the atom of gold contains in 
the neighborhood of a hundred. This result was in 
excellent agreement with the condusion reached inde- 
pendently by Barkla* from experiments of a wholly 
different kind, namdy, experiments on the scattering 
of X-rays. These indicated that the number of scatter- 
ing centers in an atom — that is, its number of free 
negative dectrons-^was equal to about half the atomic 
weight. But this number must, of course, equal the 
number of free positive dectrons in the nudeus. 

V. Moseley’s remarkable discovery 
The foregoing result was only approximate. Indeed, 
there was internal evidence in Geiger and Marsden’s 
work itself that a half was somewhat too high, 'fhe 
answer was made very definite and very predse in 1913 
through the extraordinary work of a brilliant young 
En gl i shm an, Moseley, who, at the age of twenty-seven, 
had accomplished as notable a piece of research in 
* PH. Uag ., XXI (1911), 64S . 
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physics as has appeared during the last fifty years. 
Such a mind was one of the early victims of the world- 
war. He was shot and killed instantly in the trenches 
in Gallipoli in the summer of 1915. 

Laue in Munich had suggested in 1912 the use of the 
regular spacing of the molecules of a crystal for the 
analysis, according to the principle of the grating, of 
ether waves of very short wave-length, such as X-rays 
were supposed to be, and the Braggs* had not only 
perfected an X-ray spectrometer which utilized this 
principle, but had determined accurately the wave- 
lengths of the X-rays which are characteristic of certain 
metals. The accuracy with which this could be done was 
then set simply by the accuracy in the determination of e, 
so that the whole new field of exact X-ray spectrometry 
was first opened throu^ our exact knowledge of e. 
Moseley’s discovery,* made as a result of an elaborate 
and difficult study of the wave-lengths of the character- 
istic X-rays which were excited when cathode rays were 
made to impinge in succession upcm anticathodes em- 
bracing most of the known elements, was that these 
characteristic wave-lengths of the different elements, or, 
better, their characteristic frequencies, are related in a 
very simple but a very significant way. These frequencies 
were found to constitute the same sort of an arithmetical 
progression as do the charges which we found to exist on our 
oil drops. It was the square root of the frequencies rather 
than the frequencies themselves which showed this beauti- 
fully simple relationship, but this is an unimportant detail. 
The significant fact is that, arranged in the order of increas- 

' Biagg, X-Rays and Crystal Structure, 1915. 

» Phil. Mag., XXVI (191a), 1024; XXVII (1914). 703. 



198 


THE ELECTRON 


ing freguency of their characteristic X-ray spectra, all the 
known elements which have been examined constitute a 
simple arUhmeUcal series each member of which is obtained 
from its predecessor by adding always the same quantity. 

The plate opposite this page shows photographs of 
the X-ray spectra of a number of elements whose atomic 
numbers — that is, the numbers assigned them in Mose- 
ley’s arrangement of the elements on the basis of increas- 
ing X-ray frequency — are given on the left. These 
photographs were taken by Siegbahn.* The distance 
from the “central image” — in this case the black line 
on the left— to a given line of the line spectrum on the 
right is approximately proportional to the wave-length 
of the rays producing this line. The photographs show 
beautifully, first, how the atoms of all the elements 
produce spectra of just the same type, and, secondly, how 
the wave-lengths of corresponding lines decrease, or 
the frequencies increase, with increasing atomic number. 
The photograph on the left shows this progression for 
the highest frequenqr rays which the atoms produce, the 
so-called £ series, while the one on the right shows the 
same sort of a progression for the rays of next lower fre- 
quency, namdy, those of the so-called L series, which have 
unifonnly from seven to eight times the wave-length 
of the K series. The plate opposite p. 199 shows some 
very beautiful photographs taken by De Broglie in Paris’ 
in October, 1916. The upper one is the X-ray emission 
spectrum of tungsten. It consists of general radia- 
tions, corre^nding to white light, scattered through- 
out the whole length of the spectrum as a background 

< Jdhrbuch der RadioakUviUU u, Ekkkipmkf XnX (19x6)1 5a6« 

• Comptes rtndust CXXV (X916), 87, 352. 



Fig. 21. 
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and superposed upon these two groups of Hnps Xhe 
two K lines are here close to the central image, for the 
K wave-lengths are here very short, since tungsten has 
a high atomic number (74). Farther to the right is 
the L series of tungsten lines which will be recognized 
because of its similariiy to the L series in the plate 
opposite p. 198. Between the K and the L lines are two 
absorption edges marked and The former 

represents the frequency above which the silver absorbs 
all the general radiation of tungsten but below which it 
lets it all through. The latter is the corresponding Hnp 
for bromine. In a print from a photograph absorption 
in the plate itself obviously appears as a darkening, 
transmission as a lightening. Just below is the spectrum 
obtained by inserting a dieet of molybdenum in the 
path of the beam, i.e., before the slit of the spectrometer. 
Absorption in the molybdenum will obviously appear 
as a lightening, transmission as a darkening. It will 
be seen that the molybdenum absorbs all the frequencies 
in the X-ray emission of tungsten higher than a partic- 
ular frequency and lets through all frequencies lower 
than this value. This remarkable characteristic of the 
absorption of X-rays was discovered by Barkla in 1909.* 
The absorption edge at which, with increasing frequency, 
absorption suddenly begins is very sharply marked. 
This edge coincides wdth the highest emission frequency 
of which molybdenum is theoretically capable, and is 
a trifle higher than the highest observed emission fre- 
quency. De Broglie has measured accurately these 
critical absorption frequencies for all the heavy elements 

' BaiUa and Sadler, PhU. Mat., XVU (May, X909), 749. 
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up to thorium, thxis extending the K series from atomic 
number N=6o where he found it, to N=90, a notable 
advance. The two absorption edges characteristic of 
the silver and the bromine in the photographic plate 
appear in the same place on all the photographs in 
which they could appear. The other absorption edges 
vary from element to element and are characteristic 
each of its particular element. The way in which this 
critical absorption edge moves toward the central 
image as the atomic number increases in the steps Br 35, 
Mo 42, Ag 47, Cd 48, Sb 51, Ba 56, W 74, Hg 80, is very 
beautifully shown in De Broglie’s photographs all the 
way up to mercury, where the absorption edge is some- 
what inside the shortest of the characteristic K radiations 
of tungsten. There must be twelve more of these 
edges between mercury (N=8o) and uranium (N»92) 
and De Broglie has measured them up to thorium 
(N=9o). They become, however, very difficult to 
locate in this K region of frequencies on account of their 
extreme closeness to the central image. But the L 
radiations, which are of seven times longer wave-length, 
may then be used, and Fig. 23 of the plate opporite page 
199 shows the L-ray absorption edges, of which there 
are three, as obtained by De Broglie in both uranium and 
thorium, so that the position in the Moseloi” table of each 
element all the way to the heaviest one, uranium, is fixed 
in this way by direct experiment. Fig. 25 shows the 
progression of square-root frequencies as it appears from 
measurements made on the successive absorption edges 
of De Broglie’s photographs and on a particular one of 
Siegbahn’s emission Unes. It will be noticed in 
going from bromine (35) to uranium (9a), the length of 



These beta ray tracks were taken by C. T, R. Wilson. The electrons 
are photoelectrically released and hence receive the full energy of the 
incident photons, here over 35,000 volts. When these photons are of 
sufficiently low energy the electrons are thrown out at right angles to 
the direction of the incident photon (see Figs. 18, 19, 20), but as the ener- 
gy increases the electron ten^ to take on a stronger and stronger forward 
component as here shown. The X-ray beam T^as here a very narrow one 
passing upward in a line Just to the right of the middle of the figure (see 
arrow). 
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Fig. 2S<i. Moseley^s Law 

This figure shows in graphical form the linear step-by-step progres- 
sion of square-root X-ray frequencies with atomic number. It is this 
relationship, now extending in 92 steps from hydrogen up to uranium, 
that tells us that the physical world as we know it is built up out of just 
92 elements, an element being defined as a body possessing a given nuclear 
charge, and therefore in its neutral state having a correspontling number 
of extra-nuclear electrons, Fermi, in Rome, announced in 19^44 that 
there is some evidence for the existence of element of atomic number oj. 
Each element may have a number of isotopes because the foregoing charge 
relations can be built up by combinations of protons and negative elec- 
trons that give different weights to the nucleus. 
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the step does change by a few per cent. The probable 
cause of this will be considered later. 

According to modern theory an absorption edge 
appears where the incident energy — which is proportional 
to the incident frequency — ^has become just large enough 
to lift the particular electron which absorbs it entirely 
out of the atom. If this removed electron should then 
fall back to its old place in the atom, it would emit in 
so doing precisely the frequency which was absorbed in 
the process of removal. 

Since these enormously high X-ray frequencies must 
arise from electrons which fall into extraordinarily 
powerful fields of force, such as might be expected to 
exist in the inner regions of the atom close to the nucleus, 
Moseley’s discovery strongly suggests that the charge on 
this nucleus is produced in the case of each atom by 
adding some particular invariable charge to the nucleus 
of the atom next below it in Moseley’s table. This 
suggestion gains added weight when it is found that with 
one or two trifling exceptions, to be considered later, 
.Mosdey’s series of increasing X-ray frequencies is exactly 
the series of increasing atomic weights. It also receives 
powerful support from the following discovery. 

Mendele^ff’s periodic table shows that the progres- 
sion of chemical properties among the elements coincides 
in general with the progression of atomic weights. Now 
it was pointed out twenty years ago that whenever a radio- 
active substance loses a doubly charged a-particle it 
moves two places to the left in the periodic table, while 
whenever it loses a singly charged /3-particle it moves 
one place to the right,* thus showing that the chemical 

* Soddy, The Chemistry ef the Radioelements, Part II, 19x4. 
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character of a substance depends upon the number of 
free positive charges in its nucleus. 

One of the most interesting and st riking character- 
istics of Moseley’s table is that all the known elements 
between sodium (atomic number ii, atomic weight 23) 
and lead (atomic niunber 82, atomic weight, 207.2) have 
been fitted into it and there are now left no vacancies 
within this range. Below sodium there are just 10 known 
elements, and very recent study* of their spectra in the 
extreme ultra-violet has fixed the place of each in the 
Moseley progression, though in this region the progres- 
sion of atomic weights and of chemical properties is also 
altogether definite and unambiguous. It seems highly 
probable, then, from Moseley’s work that we have al- 
ready found every one of the complete series of differ- 
ent types of atoms from hydrogen to lead, i.e., from i 
to 82, of which the physical world is built. From 82 
to 92 comes the group of radioactive elements which 
are continually transmuting themselves into one another, 
and above 92 (^uranium) no stable, permanent elements 
exist. 

That hydrogen is indeed the base of the Mosdey 
series can be seen independently of all theory by the fol- 
lowing simple computation. If we write Moseley’s discov- 
ery that the square roots of the highest frequencies, n^, 
etc., emitted by different atoms are proportional to the 
nuclear charges, £„ etc., in the following form: 


Iflt __ Et Xa jEi 


(33) 


* Millikan and Bowen, “Extreme Ultra-Violet Spectra,” Phys. Rev,, 
January, r924. 
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and substitute for X* the observed wave-length of the 
highest frequency line emitted by tungsten — a wave- 
length which has been accurately measured and found to 
be 0.179X10“* cm.; and, further, if we substitute for 
74, the atomic number of tungsten, and for Et, i, if the 
Moseley law were exact we should obtain, by solving 
for X„ the wave-length of the highest frequency line 
which can be emitted by the element whose nucleus 
contains but one single positive electron. The result of 
this substitution is Xi— 98.0 up, (millionths millimeters). 
Now the wave-length corresponding to the highest 
observed frequency in the ultra-violet series of hydrogen 
lines recently discovered by Lyman is 97.4 pp and there 
is every reason to bdieve from the form of this series 
that its convergence wave-length— this corresponds to 
the highest frequency of which the hydrogen atom is 
theoretically capable— is 91.2 pp. The agreement is 
only approximate, but it is as close as could be expected 
in view of the lack of exact equality in the Moseley steps. 
It is well-nigh certain, then, that this Lyman ultra-violet 
series of hydrogen lines is nothing but the K X-ray series oj 
hydrogen. Similarly, it is equally certain that the L 
X-rays series of hydrogen is the ordinary Balmer series 
in the visible region, the head of which is at pp. 

In other words, hydrogen’s ordinary radiations are its 
X-ra3rs and nothing more. 

There is also an M series for hydrogen discovered by 
Paschen in the ultra-red, which in itself would make it 
probable that there are series for all the elements of 
longer wave-length than the L series, and that the 
complicated optical series observed with metallic arcs 
are parts of these longer wave-length series. As a 
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matter of fact, an M series has been found for a consider- 
able group of the elements of high atomic number. 

Thus the Moseley experiments have gone a long way 
toward solving the mystery of spectral lines. They 
reveal to us clearly and certainly the whole series of 
elements from hydrogen to uranium, all producing 
spectra of remarkable similarity, at least so far as the K 
and L radiations are concerned, but scattered regularly 
through the whole frequency region, from the ultra- 
violet, where the K lines for hydrogen are found, all 
the way up to frequencies (92)* or 8,464 times as high. 
There is scarcely a portion of this whole field which is not 
already open to exploration. How brilliantly, then, 
have these recent studies justified the predictions of the 
spectroscopists that the key to atomic structure lay 
in the study of spectral lines! 

Moseley’s work is, in brief, evidence from a wholly 
new quarter that all these elements constitute a family, 
each member of which is related to every other member 
in a perfectly definite and simple way. It looks as if 
the dream of Thales of Miletus had actually come true 
and that we have found a primordial element out of 
which all substances are made, or better two of them. 
For the succession of steps from one to ninety-two, each 
corresponding to the addition of an extra free positive 
charge upon the nucleus, suggests at once that the unit 
positive charge is itself a primordial element, and this 
conclusion is strengthened by recently discovered atomic- 
weight relations. It is well known that Prout thought 
a hundred years ago that the atomic weights of all ele- 
ments were exact multiples of the weight of hydrogen, 
and hence tried to make hydrogen itself the primordial 
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element. But fractional atomic weights like that of 
chlorine (35.5) were found, and were responsible for the 
later abandonment of the theory. Within the past ten 
years, however, it has been shown that, within the limits 
of observational error, practically all of those elements 
which had fractional atomic-weights are mixtures of 
substances, so called isotopes, each of which has an 
atomic weight that is very nearly an exact multiple of 
the unit of the atomic-weight table, so that Front’s hy- 
pothesis is now very much alive again. 

Indeed, all results so far obtained are consistent with 
the view that within every atomic nucleus each positive 
electron is at least associated with the mass characteristic 
of the nucleus of the hydrogen atom, so that to within 
one part in eighteen hundred thirty-five the mass of every 
atom may be thought of as simply the mass of the whole 
number of hydrogen nuclei, or protons (each charged 
with one positive electron) which are contained within its 
nucleus. Now the atomic weight of helium is four, while 
its atomic number, the free positive charge upon its nu- 
cleus, is only two. The helium atom might therefore 
contain inside its nucleus two negative electrons which 
neutralize two of these positives and serve to hold to- 
gether the four positives which would otherwise fly 
apart under their mutual repulsions. An alternative, 
and in 1946 much preferred, picture is a helium nucleus 
composed of two so-called “neutrons” and two protoiB. 
This reduces to the foregoing picture if two of the above- 
mentioned four protons are conceived as already tightly 
combined within the nucleus with the two negatives to 
form two “neutrons” (see chap. xv). This type of change 
applies also to the following pictures. 
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Before the neutron appeared (1932), we counted the 
exact number of both positive and negative electrons 
which are packed into the nucleus of every atom thus: 
In uranium, for example, since its atomic weight is 238, 
we thought that there must be 238 positive electrons in its 
nucleus. But since its atomic number, or the measured 
number of free unit charges upon its nucleus, is but 92, 
we considered that (238—92=) 146 of the 238 positive 
electnons in the nucleus must be neutralized by 146 
negative electrons wUck are also witkin that nucleus; 
and so, in general, the atomic weight minus the atomic 
number gave at once the number of negative electrons which 
are contained within the nucleus of any atom. That 
these negative electrons are actually there within the 
nucleus appeared to be demonstrated by the facts of 
radioactivity, for in the radioactive process we find 
negative electrons, so called | 3 -ra.ys, actually being 
ejected from the nucleus. They can come from nowhere 
else, for the chemical properties of the radioactive atom 
are found to change with every such ejection of a ^-ray, 
and change in chemical character always means change 
in the free charge contained in the nudeus. 

We were thus enabled to look with the eyes of the 
mind, not only inside an atom, a body which becomes 
but a meter in diameter when looked at through an in- 
strument of ten billion fold magnification, but also inside 
its nudeus, which, even with that magnification, is still a 
mere pin point, and to count within it just how many 
positive and how many negative electrons are there 
imprisoned, numbers reaching 238 and 146, respectively, 
in the case of the uranium atom. And let it be remem- 
bered, the dimensions of these atomic nudd mre about 
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one-billionth of those of the smallest object which has 
ever been seen or can ever be seen and measured in a 
microscope. From these figures it will be obvious that, 
for practical purposes, we may neglect the dimensions 
of electrons altogether and consider them as mere point 
charges. 

But what a fascinating picture of the ultimate struc- 
ture of matter has been presented by this voyage to the 
land of the infini tely small! Only two ultimate entities 
have we been able to see there, namely, positive and 
negative electrons; alike in the magnitude of their 
chaxge but apparently differing much in mass; the posi- 
tive being eighteen htmdred and thirty-five times heavier 
than the negative; both being so vanishingly small that 
hundreds of them can somehow get inside a volume which 
is still a pin point after all dimensions have been swelled 
ten billion times: the ninety-two different elements of 
the world determined simply by the difference between 
the number of positives and negatives which have been 
somehow packed into the nucleus; all these elements 
transmutable, ideally at least, mto one another by a 
ample change in this difference. Has nature a way of 
making these transmutations in her laboratories? She 
is doing it under our eyes in the radioactive process — a 
process, however, which is confined to the two heaviest 
elements, uranium and thorium, and their disintegra- 
tion products, save that it is possessed in very slight 
degree by potassium and rhubi^um. Does the process 
go on in both directions, heavier atoms being continually 
formed as well as continually disintegrating into lighter 
ones? Not on the earth so far as we can see. Perhaps 
in the depths of space or in the stars. Some day we may 
find out. (Again see chap, xv for further possibilities.) 
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Can we on the earth artificially control the process? 
To a certain degree we know already how to disintegrate 
artificially and also how to build up. For, ever since 
1919 Rutherford and his co-workers at the Cavendish 
Laboratory have been disintegrating all the elements 
from boron to potassium, save only carbon and oxygen, 
by bombarding them with a rays (see opp. p. 190) — a 
process which knocks hydrogen nuclei out of these ele- 
ments. Also beginning in 1932, Cockroft and Walton in 
England, Lawrence in Berkeley, and Lauritsen and Crane 
in Pasadena have built up certain new atoms by throwing 
hydrogen nuclei with great energy, imparted by power- 
ful electric fields, into other nuclei. How far we can 
go in this artificial transmutation of the elements is 
not yet certain. (See chap, xv.) 

VI. THE BOHR ATOM 

Thus far nothing has been said as to whether the 
electrons within the atom are at rest or in motion, or, 
if thqr are in motion, as to the character of these motions. 
In the hydrogen atom, however, which contains, accord- 
ing to the foregoing evidence, but one positive and one 
negative electron, there is no known way of preventing 
the latter from f alling into the positive nucleus unless 
centrifugal forces are called upon to balance attractions, 
as they do in the case of the earth and moon. Accord- 
ingly it seems to be necessary to assume that the negative 
electron is rotating in an orbit about the positive. But 
such a motion would normally be accompanied by a 
continuous radiation of energy of continuously increasing 
frequency as the electron, by virtue of its loss of energy, 
approached closer and closer to the nucleus. Yet 
experiment reveals no such behavior, for, so far as we 
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know, hydrogen does not radiate at all unless it is ionized, 
or has its negative electron knodted, or lifted, from its 
normal orbit to one of higher potential energy, and, when 
it does radiate, it gives rise, not to a continuous spectrum, 
as the foregoing picture would demand, but rather to a 
line ^ectrum in which the frequencies corresponding to 
the various lines are related to one another in the very 
significant way shown in the photograph of Fig. 24 and 
rq)resented by the so-called BaJmer-Iritz equation,' 
which has the form 



In this formula v represents frequency, iV a constant, 
and «i, for all the lines in the visible region, has the 
value 2, while «a takes for the successive lines the values 
3, 4, 5, 6, etc. In the hydrogen series in the infra-red 
discovered by Paschen* »i=3 and Wj takes the successive 
values 4, 5, 6, etc. It is since the development of the 
Bohr theory that Lyman* discovered Ms hydrogen 
series in the ultra-violet in wMch »i»»i and 2, 3, 4, 
etc. Since i is the smallest whole number, tMs series 
should correspond, as indicated heretofore, to the Mgh- 
est frequencies of wMch hydrogen is capable, the upper 
limit toward wMch these frequencies tend being reached 
when«i=>i and «*— «, that is, when y—iV'. 

‘Balmer (1885) expressed the formula in wave 4 engths. Rite (1908) 
first replaced wave-lengths by wave-numbers, or frequencies, and thereby 
saw his “combination-prindpde,’’ while Rydberg discovered the general 
significance of what is now known as the Rydberg constant N. 

’ Paschen, Ann. i. Pkys,, XXVn (1908), 565. 

1 Spectroscopy of tie Extreme UUromekt, p. 78. 
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Guided by all of tbese facts except the last, Niels 
Bohr, a young mathematical physicist of Copenhagen, 
in 1913 devised* an atomic model which has had some 
very remarkable successes. This model was originally 
designed to cover only the simplest possible case of one 
single electron revolv- 
ing around a positive 
nucleus. In order to 
account for the large 
number of lines which 
the spectrum of such 
a system reveals (see 
Fig. 24) , Bohr’s first 
assumption was that 
the electron may ro- 
tate about the nucleus 
in a whole series of 
different orbits, as 
shown in Fig. 26, and 
that each of these orbits is governed by the weE-known 
Newtonian law, which when mathematically stated takes 
the form: 

^=(2ir»)»ffKr (35) 



Fig. 26. — ^The original Bohr model of 
the hydrogen atom. 


in which e is the change of the electron, E that of the 
nucleus, a the radius of the orbit, n the orbital frequency, 
and m the mass of the electron. This is merely the 
assumption that the electron rotates in a circular orbit 
which is governed by the laws which are known, from 

* N. Bolir, PM. Mag., XXVI (1913), i and 476 and 837; XXIX 
(1515), 332; XXX (igrs), 394; Sommerfeld, AUmk Stntdun and 
Spectral Lines. New York; Dutton, 1923. 
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the work on the scattering of the alpha particles, to 
hold inside as well as outside the atom. The radical 
element in it is that it permits the negative electron 
to Tnaj'ntAi'n this Orbit or to persist in this so-called 
stationary state” without radiating energy even though 
this appears to conflict with oriAiary electromagnetic 
theory. But, on the other hand, the facts of magnetism* 
and of optics, in addition to the successes of the Bohr 
theory which are to be detailed, appear at present to 
lend experimental justification to such an assumption. 

Bolur’s second assumption is that radiation takes 
place only when an electron jumps from one to another 
of these orbits. If A, represents the energy of the 
electron in one orbit and Ai that in any other orbit, 
then it is dear from considerations of energy alone that 
when the electron passes from the one orbit to the other 
the amount of energy radiated must he At— At', further, 
this radiated energy obviously must have some frequency 
V, and, in view of the experimental work presented in 
the next chapter, Bohr placed it proportional to v, and 
wrote: 

hv=A,—Ai (36) 

h being the so-called Planck constant to be discussed 
later. It is to be emphasized that this assumption gives 
no physical picture of the way in which the radiation 
takes place. It merely states the energy relations which 
must be satisfied when it occurs. The red hydrogen 
line H« is, according to Bohr, due to a jump from orbit 3 
to orbit 2 (Fig. 26) , the blue line Hu to a jump from 4 to 2, 

« Einstein and De Haas, Verh. ier deutsch. pkys. Get., XVII (1915), 
152; also Barnett, Phys. Rev., VI (1915), 239; also B^tein, Seteiue, 
LVII (1923), S 3 a' 
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£Ly to a jump from 5 to 2, etc.; while the L3miaii ultra- 
violet lines correspond to a series of similar jumps into 
the inmost orbit i (see Fig. 26), 

Bohr’s third assumption is that the various possible 
circular orbits are determined by assigning to each orbit 
a kinetic energy T such that 


T=^Thn (37) 

in which t is a whole number, n the orbital frequency, 
and h is again Planck’s constant. This value of T is 
assigned so as to make the series of frequencies agree 
with that actually observed, namely, that represented 
by the Balmer series of hydrogen. 

It is to be noticed that, if circular electronic orbits 
exist at aU, no one of these assumptions is arbitrary. 
Each of them is merely the statement of the existing 
experimental situation. It is not surprising, therefore, 
that they predict the sequence of frequencies found in 
the hydrogen series. They have been purposely made 
to do so. But they have not been made with any refer- 
ence whatever to the exact numerical values of these 
frequencies. 

The evidence for the soundness of the conception of 
ion-radiating electronic orbits is to be looked for, then, 
first, in the success of the constants involved, and, second, 
in the physical significance, if any, which attaches to 
the third assuniption. If these constants come out ri^t 
within the limits of experimental error, then the theory 
of non-radiating electronic orbits has been given the 
most crucial imaginable of tests, especially if these con- 
stants are accuratdy determinable. 
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What are the facts? The constant of the Balmer 
series in hydrogen, that is, the value of iV in equation 
(34), is known with the great precision attained in all 
wave-length determinations and is equal to3. 28088X10**. 
From the Bohr theory it is given by the simplest algebra 
(Appendix G) as 




27r*«* 



(38) 


As already indicated, in 1917 I had redetermined' e with 
an estimated accuracy of one part in a thousand and ob- 
tained at that time the value 4,770X10“*®. As shown in 
the next chapter, in 1915 and 1916 I also determined k 
photo-electricall)^ with an error in the case of sodium, 
which I estimated at one-haJf of one per cent, the value 
being 6.56X10“®’. Through the substitution of these two 
values in equation 38 1 obtained with the aid of Houston’s 

value of — , namely, 1.7570X10’, 3. 285X10**, a result 

surprisingly close to the foregoing spectroscopic value. 
But when the much more significant and more accurate 
1946 values on page 630 are used, the result begins to 
have real significance. It then agrees to within less than a 
tenth of one per cent with the observed value. ^ This agreement 
constitutes most extraordinary justification of the theory 
of non-radiating electronic orbits. It demonstrates that 
the behavior of the negative electron in the hydrogen 
atom is at least correctly described by the equation of a 
circular non-radiating orbit. If this equation can be 

« R. A. Millikan, PhU. Mag., XXXIV (1917), i. 

” R. A. Millikan, Phys. Rea., Vn (1916)^ 362. 

» Best 194s values of all constants naake the fit better. 
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obtained from some other physical condition than that of 
an actual orbit, it is obviously incumbent upon those who 
so hold to show what that condition is. The so-called 
wave mechanics, which is rather a modification tbq.Ti an 
abandonment of orbits, does equally well. 

Again, the radii of the stable orbits for hydrogen are 
easily found from Bohr’s assumptions to take the 
mathematical form (Appendix G) 



In other words, since r is a whole number, the radii of 
these orbits bear the ratios i, 4, 9, 16, 25. If normal 
hydrogen is assumed to be that in which the dectron is 
in the inmost possible orbit, namdy, that for which 
T=si, 20, the diameter of the normal hydrogen atom, 
comes out The best determination for the 

diameter of the hydrogai moUcvle yidds 2.2X10“* 
in extraordinarily dose agreement with the prediction 
from Bohr’s theory. 

Further, the fact that normal hydrogen does not 
absorb at all the Balmer series lines which it emits is 
beautifully explained by the foregoing theory, since, 
according to it, normal hydrogen has no dectrons 
in the orbits corresponding to the lines of the Balmer 
series. Again, the fact that hydrogen emits &s character- 
istic radiations only when it is ionized or excited favors 
the theory that the process of emission is a process of 
Settling down to a normal condition through a series of 
posdble intermediate states, and is therefore in line 
vdth the view that a change in orbit is necessary to the 
act of radiation. 
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Another triumph of the theory is that the third 
assumption, devised to fit a purely empirical situation, 
viz., the observed relations between the frequencies 
of the Balmer series, is found to have a very simple 
and illuminating physical meaning and one which has to 
do with orbital motion. It is that all the possible 
values of the angidar momentum of the electron rotating 
about the positive nucleus are exact multiples of a par- 
ticular value of this angular momentmn. Angular 
momentum then has the property of atomicity. Such 
relationships do not in general drqj out of empirical 
formulae. When they do, we see in them at least general 
interpretations of the formulae — not merely coincidences. 

Again, the success of a theory is often tested as much 
by its adaptability to the explanation of deviations from 
the behavior predicted by its most elementary form as by 
the exactness of the fit between calculated and observed 
results. The theory of electronic orbits has had remark- 
able successes of this sort. Thus it predicts the Moseley 
law (33). But this law, discovered afterward, was found 
inexact, and it should be inexact when there is more tbs Ti 
one electron in the atom, as is the case save for H atoms 
and for such He atoms as have lost one negative charge, 
and that because of the way in which the electrons influ- 
ence one another’s fields. By taking account of these 
influences, the inexactnesses in Moseley’s law have been 
very satisfactorily explained. 

Another very beautiful quantitative argument for 
the correctness of Bohr’s orbital conception comes from 
the prediction of a slight difference between the positions 
in the spectrum of two sets of lines, one due to ionized 
helium and the other to hydrogen. These two sets of 
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lines, since they are both due to a singl e electron rotating 
about a simple nucleus, ought to be exactly coincident, 
i.e., they ou^t to be one and the same set of lines, if it 
were not for the fact that the helium nucleus is four times as 
heavy as the hydrogen nucleus. 

To see the difference that this causes it is only neces- 
sary to reflect that, when an electron revolves about a 
hydrogen nucleus, the real thing that happens is that the 
two bodies revolve about their conunon center of gravity. 
But since the nucleus is two thousand times heavier 
than the electron, this center is exceedingly dose to the 
hydrogen nudeus. 

When, now, the hydrogen nudeus is replaced by that 
of helium, which is four times as heavy, the common 
center of gravity is still doser to the nudeus, so that the 
helium-nudeus describes a much smaller drde than did 
that of hydrogen. This situation is responsible for a 
sligh t, but accuratdy predictable difference in the ener- 
gies of the two orbits, which should cause the spectral 
lines produced by electron-jumps to these two different 
orbits to be slightly displaced from one another. 

This predicted slight displacement between the 
hydrogen and heliiun lines is not only found experimen- 
tally, W the most refined and exact of recent measure- 
ments has shown that the observed displacement agrees 
with the predicted value to within a small fraction of 
I per cent. 

This not only constitutes general evidence for the 
orbit theory, but it seems to be irreconcilable with a 
ring-electron theory once favored by some authors, since 
it seems to require that the mass of the electron be con- 
centrated at a point. 
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The nert amazing success of the orbit theory came 
when Sommerfeld' showed that the “quantum” prin- 
ciple underl3Tng the Bohr theory ought to demand two 
different hydrogen orbits corresponding to the second 
quantum state — second orbit from the nucleus — one a 
circle and one an ellipse. And by appl3dng the general 
relativity theory (which involves the change in mass of 
the electron with its change in speed as it moves through 
the different portions of its orbit), he showed that the 
circular and elliptical orbits should have slightly differ- 
ent energies, and consequently that both the hydrogen 
and the helium lines corresponding to the second quan- 
tum state should be dose doublets. 

Now not only is this found to he the fact, hut the meas- 
ured separation of these two doublet lines agrees closely with 
the predicted value, so that this again constitutes extraordi- 
nary evidence for the validity of the orbit-conceptions 
underlying the computation. 

In Fig. 27 the two orbits which are here in question 
are those which are labeled 2* and a,, the large numeral 
denoting the total quantum number, and the subscript 
the auxiliary, or azimuthal, quantum number which de- 
termines the elliptidty of the orbit. The figure is 
introduced to show the types of stationary orbits which 
the extended Bohr theory permits. For total quantum 
number i there was but one possible orbit, a circle. For 
total quantum numbers 2, 3, 4, etc., there are 2, 3, 4, etc., 
ptossible orbits, respectively. The ratio of the auxiliary 
to the total quantum number gives the ratio of the minor 
and major axes of the ellipse. The fourth quantum 

>A.Sommerfdd,.4»».<i.i’Ayf., 111(19*6), *. AJ» PaKhen, iWtf., 

9.90*. 
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state, for example, has four orbits, 4i, 4^, 4j, 4,, all of 
which have the same major axis, but minor axes which 
increase in the ratios i, 2, 3, 4 up to equality, in the 
circle (44), with the major axis. It is this multiplicity 
of orbits which predicts with beautiful accuracy the “fine- 
structure ” of all of the lines due to atomic hydrogen and 
to helium. 



Fig. 27. — Bohr-Sommerield model of the hydrogen atom ■with 
stationary orbits corresponding to principal quantum numbers and 
avudliary or azimuthal quantum numbers. 


The next Quantitative success of the Bohr theory 
came when Epstein,* of the Califorma Institute, applied 
his unusual grasp of -orbit theory to the exceedingly 
difidcult problem of computing the perturbations in 
dectron orbits, and hence the change in energy of each, 
due to hydrogen and helium atoms to radiate in 

an dectrostatic fidd. He thus predicted the whole 
complex character of what we caU the “Stark effect, 

» P. Epstmn, ibii., L (1916), 489* 
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showing just how many new lines were to be expected 
and where each one should fall, and then the spectroscope 
yielded, in practically every detail, precisely the result which 
the Epstein theory demanded. 

Another quantitative success of the orbit theory is 
one which Mr. L S. Bowen and the author,* at the 
California Institute, have brought to light. Through 
creating what we call “hot sparks” in extreme vacuum 
we have succeeded in stripping in succession, 1,2,3, 4> 5» 
and 6 of the valence, or outer, electrons from the atoms 
studied. In going from lithium, through beryllium, 
boron and carbon to nitrogen, we have thus been able to 
work with stripped atoms of aU these substances. 

Now these stripped atoms constitute structures which 
are all exactly alike save that the fields in which the 
single electron is radiating as it returns toward the 
audeus increase in the ratios i, 2, 3, 4, 5, as we go from 
stripped lithium to stripped nitrogen. We have applied 
the relativity-dovilet formula, which, as indicated above, 
Sommerfeid had developed for the simple nucleus-tiectron 
system found in hydrogen and ionized helium, and have 
found that it not only predicts everywhere the observed 
doublet-separation of the doublet-liries produced by all these 
stripped atoms, but that it enables us to compute how many 
electrons are in the inmost, or K shed, screening the nucleus 
from the radiating electron. This number comes out just 2, 
as we know from radioactive and other data that it should. 
However, it will be shown in chapter xii that these tacts 
require notable modification of the orbit theory. 

Further, when we examine the spectra due to the 
stripped atoms of the group of elements from sodium 

' See Phys. Reo., July, 1904. 
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to sulphur, one electron having been knocked off from 
sodium, two from magnesium, three from aluminum, 
four from silicon, five from phosphorus, and ax from 
sulphur, we ought to find that the number of screening 
electrons in the two inmost shells combined is 2+8= lo, 
and it does come out 10, quite as predicted, and all this 
through the simple application of the relativity principle 
in quite the same way in which it is applied to the quanti- 
tative computation of the orbit of Mercury. 

The physicist has thus piled Ossa upon Pelion in his 
quantitative test of the correctness of the orbital equa- 
tions of Bohr. About the shapes of these orbits he has 
some little information (Fig. 27) but about their orienta- 
tions he is as yet pretty largely in the dark. The dia- 
grams* on the accompan)dng pages. Figs. 28, 29, and 31, 
represent hypothetical conceptions, due to Bohr in 
1922, of the electronic orbits in a group of atoms. Since, 
however, these orbits are some sort of space configura- 
tions, the accompanying plane diagrams are merely 
schematic. They may be studied in connection with 
Fig 27, Table XTV, and Bohr’s diagram* of the periodic 
system of the elements shown in Fig. 30. These con- 
tain the most essential additions which Bohr made 
in 1922 and 1923 to the simple theory developed in 

1913- 

The most characteristic feature of these additions is 
the conception of the penetration, in the case of the less 
simple atoms, of electrons in highly elliptical orbits into 
the region inside the shells of lower quantum number. 

■ These appeared in an ardde by Kramers in Natumissenschaftm, 

1023- 

* Bohr and Coster, ZeiLf. Physik^ XII (1923), 344- 
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HYDROGEN (i) 



ne:on(io) sodium(ii) 

Fto. 28.— Hypothetical atomic structures of the year 1923, modified 
a few years later in the manner shown in Table XIV, then tendered Imi 
d efinit e by the devdopment of wavo-mechanica » 
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This gives, so Bohr believes, these penetrating electron- 
orbits in some cases a smaller mean potential energy, 
and therefore a higher stability, than some of the orbits 
corresponding to the smaller quantum munbers. 

A glance at the group of elements beginning with 
argon, the last element in shell 3, in both Table XIV and 
Fig. 30, will make dear the meaning of this statem^t. 
The fourth column of Table XIV shows that we may 
assign to argon two very elliptical orbits of shape 3, 
and six of shape 3 j. Glancing down the same column 
to copper, or lower, one sees that there are eighteen 
possible third-shell orbits, namely, two of shape 3,, six 
of shape 3,, and ten of shape 33, i.e., there are in the third 
shell in argon ten unfilled orbits. But when a new 
electron is added, as we pass from argon to potasaum, 
it goes, according to Bohr, into the 41 orbit, Aus giving 
potasaum univalent properties like lithium and sodium 
(see Fig. 28). Similarly, caldum is shown in Table XIV 
as taking its two extra electrons into its 4, orbits. But 
as now lie nudear charge gets stronger and stronger with 
atomic number, the empty third-shell orbits 
gain in stability over the fourth-shdl ones, and a stage of 
rbconstiuction sets in with scandium (Fig. 30) and con- 
tinues down to copper, all the added dectrons now going 
inside to fill the ten empty orbits in the third didl, with 
the result that the chemical properties, which depend on 
the outer or valence dectrons, do not diange lUuch 
while tliis is going on. With copper (see Table XIV) 
the dghteen third-shell orbits are completdy filled and 
one dectron is in the 4x orbit (see also Fig. 29), and from 
there, 4awu to krypton the chemical properties progress 
normally mudi as they do from Mg to Ar. 
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ARGON (O) KRYPTON (36) 



COPPER (29) XENON (54) 


Fig. 29.— Hypothetical atomic structures of the year 1933, modified 
a few years later in the manner shown in Table XIV, then rendered km 
definite by the development of wave-mechanics. 
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Precisely the same procedure is repeated in the fifth 
period of eighteen elements between krypton and TP>Tir>Ti^ 
the rare-earth group which intervenes between strontium 
(Sr) and silver (Ag) corresponding to the elements in 
which, with increasing atomic number, the added elec- 
trons are filling up the empty orbits in the fourth shell 
instead of going into what is now the outer or fifth shell 
(see Table XIV). 

Now in considering the sixth period of thirty-two 
elements from xenon (Xe) to niton (Nt), a glance at 
Table XIV shows that the fourth shell in xenon con- 
tained only eighteen electrons, whereas in niton there 
are thirty-two, i.e., there are fourteen unfilled orbits in 
xenon in the fourth shell; and a simil ar glance at the 
fifth shell shows i8— 8=io vacant orbits there. The 
Jfirst two elements in this group, viz., caesium (Cs) and 
barium (Ba), take the added electrons in 6i orbits, 
then the electrons begin to go inside until gold is reached, 
when the fourth and fifth shells become fuU and from 
gold (Au) to niton (Nt), as the added electrons go to the 
outer shell, the chemical properties again progress as 
from sodium to argon, or from copper to krypton. 

It will be noticed that in Fig. 30 element 72 is haf- 
nium, the eleident discovered in 1923 by Coster and 
Hevesy* by means of X-ray analysis. It is because its 
chemical properties resemble so dosely those of zirconium 
that it had not been fotmd earlier by chemical means. 
Hevesy estimates that it represents one one hundred- 
thousandth of the earth’s crust, which makes it more 
plentiful than lead or tin. 

» Coster and Hevesy, Nature, ILL (1933), 79; Ber. d, chem. Ges,, 

LVI (19*3). *503- 



226 


THE ELECTRON 



Fig. 3o.--Bolir*s form of the periodic table, the most illuminating 
thus far devised. The elements which are in process of orbital recon- 
struction, because of the passage of electrons into thus far unfilled 
inner quantum orbits, are inclosed in frames. Lines connect elements 
which have similar properties. 
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TABLE XIV 

Number oe Eiectrons in Different Orbits 
(nk is now generally replaced by ni where I is defined as 
(^— i) [see chap, jdi]) 
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The seventh period begins (Fig. 30) with an unknown 
element of atomic number 87, which, with its single 7^ 
orbit, should have a valency of i, then passes to radium 
with its two 7, orbits (see Fig. 31) and valency 2, and 
breaks olGf suddenly with uranium because the nucleus 
has here become unstable. 

It should be clearly understood that the detailed 
theory as here presented, and above all the models of 
complicated atoms, are to a very considerable degree 
hypothetical and speculative. But it is highly probable 
that they give a more or less correct general picture of the 
way electrons behave in atoms. So far as the general 
conception of orbits which behave in the main, especially 
in the simpler atoms, in accordance with the Bohr 
assumptions, is concerned, if the test of truth in a physical 
theory is large success both in the prediction of new 
relationships and in correctly and exactly accounting for 
old ones, the theory of non-radiating orbits is one of the 
well-established truths of modem physics. However, 
all mechanical pictures like the foregoing, while useful 
as mnemonic devises, have definite limitations (see chap- 
ter xii) and must not be thought of as corresponding in 
any accurate way to reality. 

I am well aware that the facts of organic chemistry 
seem to demand that the valence electrons be grouped 
in certain definite equilibrium positions about the 
periphery of the atom, and that at first sight this demand 
appears difficult to reconcile with the theory of electronic 
orbits. But a little reflection shows that there is here no 
necessary cla.rii. With a suitable orientation of orbits, 
these localized valencies of chemistry are about as easy 
to reconcile with an orbit theory as with a fixed election 
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[G. 31.— Hypothetical structure of the radium atom of the year 1923, modified a few years later in the 
in Table XIV, then rendered less definite by the development of wave-mechanics. 
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theory. It is only for free atoms that spectroscopic 
evidence has led us to built up orbit pictures of the 
foregoing sort. When atoms unite into molecules, or 
into solid bodies, these orbits will undoubtedly be very 
largely readjusted under the mutual influence of the two 
or more nuclei which are now acting simultaneously 
upon them. 

It has been objected, too, that the Bohr theory is 
not a radiation theory because it gives us no picture 
of the mechanism of the production of the frequency v. 
This is true, and therein lies its strength, just as the 
strength of the first and second laws of thermodynamics 
lies in the fact that they are true irrespective of a mechan- 
ism. The Bohr theory is a theory of atomic structure; 
it is not a theory of radiation, for it merely states what 
energy relations must exist when radiation, whatever 
its mechanism, takes place. It is the first attempt to 
determine in the light of well-established experimental 
facts what the electrons inside the atom are doing, and 
as such a first attempt it must be regarded as, thus far, 
a success, though it has by no means got beyond the 
hypothetical stage. Its chief diflGiculty arises from the 
apparent contradiction involved in a non-radiating elec- 
tronic orbit, and there appears to be no solution to this 
difficulty save in the denial of the universal applicability of 
the classical electromagnetic laws. But why assume the 
universal applicability of these laws, even in the hearts of 
atoms, when this is the first opportunity which we have 
had to test them out in the region of the infinitely amnll ? 

There is one other very important relation predicted 
by the Bohr theory and beautifully verified by experi- 
ment, but not involving at all its orbim feature. The 
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frequency value of the inmost, or K level, can be escactly 
determined by measuring the K absorption edge so 
beautifully shown on the De BrogKe photographs oppo- 
site p. 199. Let us call this frequency vka- Similarly, 
to each orbit in the second or L quantum state, there 
corresponds a definite absorption edge vla * Two of these 
are shown clearly in Fig. 23. The difference between 
the K absorption frequency and each L absorption 
frequency should obviously, according to Bohr, corre- 
sp>ond exactly to the frequency of an emission line 
in the K X-ray spectrum, i.e., 

VKA—VLA^VKi,, (40) 

This so-called Kossel relation is of course applicable to 
all X-ray and optical spectra. Indeed, in the latter 
field it appeared before the Bohr theory under the name 
of the “Ritz combination principle.” It has been one 
of the most important keys to the unlocJdng of the mean- 
ing of spectra and the revealing of atomic structvre^ 



CHAPTER X 

THE NATURE OF RADIANT ENERGY 

The problems thus far discussed have all been in the 
domain of molecular physics, but the discovery and 
measurement of the electron have also exerted a powerful 
influence upon recent developments in the domain of 
ether physics. These developments are of extraordinary 
interest and suggestiveness, but they lead into regions in 
whidi the physicist sees as yet but dimly — ^perhaps more 
dimly than he thought he saw forty years ago. 

But while the beauty of a problem solved excites the 
admiration and yields a certain sort of satisfaction, it is 
after all the unsolved problem, the quest of the unknown, 
the struggle for the unattained, which is of most universal 
and most thrilling interest. I make no apolo^es, there- 
for, for introducing one of the incompletely solved prob- 
lems of modem physics, nor for leaving it with somewhat 
tentative suggestions toward a solution. 

I. THE COBPUSCULAE AND THE ETHEE THBOEIES OF 
RADIATION 

The newest of the problems of physics is at the same 
time the oldest. For nothing is earlier in the experiences 
either of the child or of the race than the sensation of 
receiving light and heat from the sun. But how does light 
get to us from the sun and the stars through the empty 
interstellar spaces? The Greeks answered this query 
very simply and very satisfactorily from the standpoint 
of people who were content with plausible explanations 

332 
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but had not yet learned perpetually to question nature 
experimentally as to the validity or invalidity of a 
conclusion. They said that the sun and all radiators 
of light and heat must shoot off minute corpuscles whose 
impact upon the eye or skin produces the sensations 
of light and warmth. 

This corpuscular theory was the generally accepted 
one up to 1800 A.D. It was challenged, it is true, about 
1680 by the Dutch physicist Huygens, who, starting with 
the observed phenomena of the transmission of water 
waves over the surface of a pond or of sound waves 
through the air, argued that light might be some vibra- 
tory disturbance transmitted by some medium which fills 
all interstellar space. He postulated the existence of 
such a medium, which was called the luminiferous or 
light-bearing ether. 

Partly no doubt because of Newton’s espousal of the 
corpuscular theory, the ether or wave theory gained few 
adherents until some facts of interference began to appear 
about 1800 which baffled explanation from the stand- 
point of the corpuscular theory, but which were easily 
handled by its rival. During the nineteenth century the 
evidence became stronger and stronger, until by its dose 
the corpuscular theory had been completely eliminated 
for four different reasons: (i) The facts of interference 
were not only found inexplicable in terms of it, but they 
were completely predicted by the wave theory. (*) The 
fact that the speed of propagation of light was experi- 
mentally found to be greater in air than in water was in 
accord with the demands of the ether theory, but directly 
contrary to the demands of the corpuscular theory. 
(3) Wireless waves had appeared and had been shown 
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to be just like light waves save for wave-length, and they 
had been found to pass over continuously, with increas- 
ing wave-length, into static electrical fields such as could 
not apparently be explained from a corpuscular point of 
view. (4) The speed of light had been shown to be inde- 
pendent of the speed of the source as demanded by the 
ether theory and denied by the corpuscular theory. 

By 1900, then, the ether theory had become apparently 
impregnably intrenched. A couple of years later it met 
with some opposition of a rather ill-considered sort, as 
it seems to me, from a group of extreme advocates of the 
relativity theory, but this theory is now commonly 
regarded, I think, as having no bearing whatever upon 
the question of the existence or non-existence of an 
ether as I use the term. For such an ether was called 
into being solely for the sake of furnishing a carrier for 
electro-magnetic waves, and so defined it stands or falls 
with the existence of such waves *» vacuo, and this has 
never been questioned by anyone so far as I am aware. 

n. DimCULTIES CONTROmriNG THE WAVE THEORY 

Up to 1903, then, the theory which looked upon an 
electromagnetic wave as a disturbance which originated 
at some point in the ether at which an electric charge was 
undergoing a change in speed, and was propagated from 
that point outward as a spherical wave or pulse, the total 
energy of the disturbance being always spread uniformly 
over the wave front, had met with no serious question 
from any source. Indeed, it had been extraordinarily 
successful, not only in accounting for all the known facts, 
but in more than one instance in predicting new ones. 
The first difficulty appeared after the discovery of the 
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electron and in connection with the relations of the elec- 
tron to the absorption or emission of such electro- 
magnetic waves. It was first pointed out in 1903 by 
Sir J. J. Thomson in his Silliman lectures at Yale. It 
may be stated thus: 

X-rays unquestionably pass over all but an exceed- 
ingly minute firaction, say one in a thousand biUion, of 
the atoms contained in the ^ace traversed without 
spending any energy upon them or influencing them in 
any observable way. But here and there they find an 
atom from which, as is shown in the photographs oppo- 
site p. 192, they hurl a negative electron with enonnoxis 
speed. This is the most interesting and most significant 
characteristic of X-rays, and one which distinguishes 
them from the a- and fi-rays just as sharply as does the 
property of non-deviability in a magnetic field; for Figs. 
14 and 15 and the plate opposite p. 190 show that 
neither a- nor j8-rays in general eject electrons from the 
atoms through which they pass, with speeds comparable 
with those produced by X-rays, else there would be new 
long zigzag lines branching out from points all along the 
paths of the a- and |8-particles shown in these photo- 
graphs. 

But this property of X-rays introduces a serious 
difiiculty into a wave theory. For if the electric in- 
tensity in the wave front of the X-ray is sufficient thus 
to hurl a corpuscle with huge energy from one particular 
atom, why does it not at least detach corpuscles from 
all of the atoms over which it passes ? 

Again when ultra-violet light falls on a metal it, too, 
like X-rays, is found to eject negative electrons. This 
phenomenon of the emission of electrons under the 
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influence of light is called the photo-electric effect. 
Lenard' first made the astonishing discovery that the 
energy of ejection of the electron is altogether independ- 
ent of the intensity of the light which causes the ejection, 
no matter whether this intensity is varied by varying 
the distance of the light or by introducing absorbing 
screens. I have myself* subjected this relation to a very 
precise test and found it to hold accurately. Further- 
more, this sort of independence has also been established 
for the negative electrons emitted by both X- and 7-rays. 

Facts of this sort are evidently difficult to account for 
on any sort of a spreading-wave theory. But it will be 
seen that they lend themselves to easy interpretation in 
terms of a corpuscular theory, for if the energy of an 
escaping electron comes from the absorption of a light- 
corpuscle, then the energy of emission of the ejected 
electron ought to be independent of the distance of the 
source, as it is found to be, and furthermore corpuscular 
rays would hit but a very minute fraction of the atoms 
contained in the space traversed by them. This would 
explain, then, both the independence of the energy of 
emission upon intensity and Ihe smallness of the number 
of atoms ionized. 

In view, however, of the four sets of facts mentioned 
above, Thomson found it altogether impossible to go 
back to the old and exploded form of corpuscular theory 
for an explanation of the new facts as to the emission of 
electrons under the influence of ether waves. He 
accordingly attempted to reconcile these troublesome 
new facts with the wave theory by as-suming a fibrous 
structure in the ether and picturing all electromagnetic 

• Am. i. Phys. (4), VTIl (1002), uo. ' Pky^ Rn., t (ie»3). 73. 
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energy as traveling along Faraday lines of force con- 
ceived of as actual strings extending through all space. 
Although this concept, which we diall call the ether- 
string theory, is like the corpuscular theory in that the 
energy, after it leaves the emitting body, remains local- 
ized in space, and, when absorbed, is absorbed as a whole, 
yet it is after all essentially an ether theory. For in it 
the speed of propagation is determined by the properties 
of the medium — or of space, if one prefers a mere change 
m name — and has nothing to do with the nature or 
condition of the source. Thus the last three of the fatal 
objections to a corpuscular theory are not here encoun- 
tered. As to the first one, no one has yet shown that 
Thomson’s suggestion is reconcilable with the facts of 
interference, though so far as I know neither has its 
irreconcilability been as yet absolutely demonstrated. 

But interference aside, all is not ^ple and easy for 
Thomson’s theory. For one encounters serious dffi- 
culties when he attempts to visualize the universe as an 
infiinite cobweb whose threads never become tangled or 
broken however swiftly the electrical charges to which 
they are attached may be flying about. 

m. Einstein’s quantum theoey of eadiation 

Yet the boldness and the difficulties of Thomson’s 
“ether-string” theory did not deter Einstein’ in 1905 
from making it even more radical. In order to coimect 
it up with some results to which Planck of Berlin had 
been led in studying the facts of black-body radiation, 
Einstein assumed that the energy emitted by any radiator 
not only kept together in bunches or quanta as it traveled 
Ann . d . Pkys . (4), XVII (1905), 132; XX (1906), 199. 
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through space, as Thomson had assumed it to do, but 
that a given source could emit and absorb radiant energy 
only in units which are aU exactly equal to hv, v being 
the natural frequency of the emitter and h a constant 
which is the same for all emitters. 

I shall not attempt to present the basis for such an 
assumption, for, as a matter of fact, it had almost none 
at the time. But whatever its basis, it enabled Einstein 
to predict at once that the energy of em oa of elec- 
trons under the influence of light would be governed 
by the equation 

Ve—kv — p .(41) 

in which kv is the energy absorbed by the electron from 
the light wave or light quantum, for, according to the 
assumption it was the whole energy contained in that 
quantum, ^ is the work necessary to get the electron 
out of the metal, and imv* is the energy with which it 
leaves the surface — ^an energy evidently measured by the 
product of its charge e by the potential difference F 
against which it is just able to drive itself before being 
brought to rest. 

At the time at which it was made this prediction was 
as bold as the hypothesis which suggested it, for at that 
time there were available no experiments whatever for 
determining anything about how the positive potential 
V necessary to apply to the illuminated electrode to stop 
the discharge of negative electrons from it under the 
influence of monochromatic light varied with the fre- 
quen<y v of the light, or whether the quantity h to which 
Planck had already assigned a numerical value appeared 
at all in connection with photo-electric dischaige. We 
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are confronted, however, by the astonishing situation 
that after ten years of work at the Ryerson Laboratory 
(1904-15) and elsewhere upon the discharge of electrons 
by light this equation of Einstein’s was found to predict 
accurately all of the facts which had been observed. 

IV. IHE TESTING OP EINSTEIN’S EQUATION 

The method which was adopted in the Ryerson 
Laboratory for testing the correctness of Einstein’s 
equation involved the performance of so many opera- 
tions upon the highly inflammable alkali metals in a 
vessel which was freed from the presence of all gases that 
it is not inappropriate to describe the experimental 
arrangement as a machine-shop m vacuo. Fig. 32 
shows a photograph of the apparatus, and Fig. 33 is a 
drawing of a section which should make the necessary 
operations intelligible. 

One of the most vital assertions made in Einstein’s 
theory is that the kinetic energy with which mono- 
chromatic light ejects electrons from any metal is 
proportional to the frequency of the light, i.e., if violet 
light is of half the wave-length of red light, then the 
violet light should throw out the electron with twice 
the energy imparted to it by the red light. In order to 
test whether any such linear relation exists between the 
energy of the escaping electron and the light which 
throws it out it was necessary to use as wide a rai^e of 
frequencies as possible. This made it necessary to use 
the alkali metals, sodium, potassium, and lithiiun, for 
electrons are thrown from the ordinary metals only by 
ultra-violet light, while the alkali metals respond in this 
way to any waves shorter than those of the red, that is, 
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they respond throughout practically the whole visible 
spectrum as well as the ultra-violet spectrum. Cast 
cylinders of these metals were therefore placed on the 
wheel W (Fig. 33) and fresh clean surfaces were obtained 
by cutting shavings from each metal in an excellent 
vacuum with the aid of the knife K, which was operated 



Fig. 32 


by an electromagnet F outside the tube. After this the 
freshly cut surface was turned around by another electro- 
magnet until it was opposite the point 0 of Fig. ^3 and 
a beam of monochromatic light from a spectrometer was 
let in through 0 and allowed to fall on the new surface. 
The energy of the electrons ejected by it was measured 
by applying to the surface a positive potential just strong 
enough to prevent any of the discharged electrons from 
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reaching the gauze cylinder opposite (shown in dotted 
lines) and thus conununicating an observable negative 


6 



charge to the quadrant electrometer which was attached 
to this gauze cylinder. For a complete test of the 
equation it was necessary also to measure the contact- 


F-n. 33 
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electromotive force between the new surface and a test 
plate S. This was done by another electromagnetic 
device shown in Fig. 32, but for further details the original 
paper may be consulted.' Suffice it here to say that 
Einstein’s equation demands a linear relation between 
the applied positive volts and the frequency of the light, 
and it also demands that the slope of this line should be 

exactly equal Hence from this slope, since e is 

known, it should be possible to obtain k. How per- 
fect a linear relation is found may be seen from Fig. 34, 
which also shows that from the slope of this line h Is 
found to be 6.26X10-*’, which is as close to the value 
obtained by Planck from the radiation laws as is to be 
expected from the accuracy with which the experiments 
in radiation can be made. The most reliable value of h 
obtained from a consideration of the whole of this work is 

A=6. 56X10“*’. 

In the original paper will be found other tests of the 
Einstein equation, but the net result of all this work is to 
confirm in a very complete way the equation which 
Einstein first set up on the basis of his semi-corpuscular 
theory of radiant energy. And if this equation is of 
general validity it must certainly be regarded as one of 
the most fundamental and far-reaching of the equations 
of physics, and one which is destined to play in the future 
a scarcely less important r6le than Maxwell’s equations 
have played in the past, for it must govern the transfor- 
mation of all short-wave-length electromagnetic energy 
into heat energy. 

'Phys. Ses., VH (iqx6), 361. 
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V. HISTORY or EINSTEIN’S EQUATION 

The whole of this chapter up to this point has been 
left practically as it was written for the first edition of 
The Ekctrm (1917). Now the altogether overwhelming 
proof that Einstein’s equation is an exact equation of 
very general validity was perhaps the most conspicuous 
achievement of experimental physics during the next 
decade. Its history is briefly as follows. 

As early as 1900 Planck* had been led from theoretical 
considerations to the conclusion that atoms radiated 
energy discontinuously in units which were equal to, or 
multiples of, hv, in which r is the natural frequenqy of 
the radiator, and h a universal constant which is now 
called Planck’s h. He adopted the view that the seat of 
the discontinuity was in the radiator, not in the radiation 
after it had left the radiator, and in the second edition of 
his book modified the formulation of his theory so as to 
make this appear without any ambiguity. 

It was in 1905, as stated above, that Einstein defi- 
nitely put the discontinuity into the radiation itself, 
assuming that light itself consisted of darts of localized 
energy, “light-quants,” of amount hp. He further 
assumed that one of these light-quants could transfer its 
energy undimi ni shed to an electron, so that, in the photo- 
electric effect, the electron shot out from the metal with 
the energy hv—p, where p represents the work necessary 
to get it out of the metaL 

In 1913 Bohr, in the development of his theory of 
spectra, without accepting Einstein’s view as to the 
seat of the discontinuity, assumed an equation which was 


* Warm StraMung, ist ed. 
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precisely the inverse of Einstein’s, i.e., he assumed 
that the energy lost when an electron jiunps from one 
stationary state to another is wholly transformed into 
monochromatic radiation whose frequency is determined 
by equating the loss in energy Et—Ei to kv. In other 
words, Einstein and Bohr together have set up a recipro- 
cal and reversible relation betfoeen electronic and radiant 
energy. 

Up to 1914 no direct experimental proof had appeared 
for the correctness of this relation. In the photo-electric 
field discussion was active as to whether any definite 
maximum velocity of emission of electrons under the 
influence of monochromatic light existed, and althou^ 
linear relations between energy and frequenqr had been 
reported by Ladenburg, Richardson and Compton, 
and Hughes, the range of frequencies available had been 
so small as to leave uncertamties in the minds of review 
ers’ who showed that E fitted existing observations 
quite as well as !» «£ (£ denoting stopping potential). 

The imambiguous experimental proofs of the correct- 
ness of the foregoing theoretical relation came with the 
publication of the accompanying photoelectric results' 
reported briefly in 1914, and submitted in extenso in 
September, 1915. These were in a form to prove the 
correctness of the Einstein equation; for monoduromatic 
light of widely differing frequencies fell upon a metal 
and the Tna.-rirmim energy of electronic ejection was found 
to be exactly determined by hv=\,m'o‘ •\-p as Einstein’s 
equation required. 

* Cf. R. Pohl u. P. Pringsheim, Verh- der dmtsck, pkys. Ges,, XV 
(1913), 637J Sommerfdid, AtombaUt etc (3d cd. 1922), p. 47; also 
Phys, Reu., Vn (1916), 18, 362. 

*Phys. Rev,f IV (i9i4)> 73» VI (19x5)1 SS; and VU (1916), 36a. 
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A year or two later Duane' and his associates had 
found unambiguous proof of the inverse effect. A target 
had been bombarded by electrons of known and constant 
energy and the maximum frequency of the 

anitted ether waves (general x radiation) was found to 
be precisely given by ^mv^=kv. 

D. L. Webster then proved that the characteristic 
X-ray frequencies of atoms begin to be excited at exactly 
the potential at which the energy of the stream of 
electrons which is bombarding the atoms has reached 
the value given by in which v is now the fre- 

quency of an absorption edge.* This checks Bohr’s 
formulation of frequency-energy relations, since it shows 
that when an electron within an atom receives just 
enough energy by bombardment to be entirely removed 
from the atom, the total energy values of the frequencies 
emitted during its return are equal to the electronic 
energy of the original bombardment. 

De Broglie,* Ellis,'* and Watson* on the other hand, 
have measured with great accuracy, through deviabilities 
in a magnetic field, the velocities of electrons ejected 
from different sorts of atoms by monochromatic X-rays, 
and have completely confirmed by such photo-electric 
work in the X-ray field my previous results obtained 
with ultra-violet light. They here verify in great detail 
and with much elaboration the Einstein formulation 

• Phys. Rev., VI (1915), 166; Proc. Nat. Acad., U (1916), 90; Phys. 
Rev., VII (1916), S99; IX, s68; X (1917), 9j and 694. 

“ D. L. Webster and H. Clark, Proc. Nat. Acad., HI (19*7), 18. 
Also Webster, ibid., VI (1920), 26 and 639. 

» Paper read before the Third Solvay Congress, 199X. 

*Proc. Roy. Soc., XCIX (1921), 261 See ibid., January, 1994. 

s Watson and Van den Akker, Proc. Roy. Soc. A., CXXVI (1929), *38. 
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\mv*=hv—p where p now represents the work necessary 
to lift the electron out of any particular level in the 
atom. 

Parallel to this very complete establishment of the 
validity in the X-ray field of the Einstein photoelectric 
equation, and of its inverse the Bohr equation, has come- 
the rapid working out in the domain of optics of the very 
large field of ionizing and radiating potentials which has 
also involved the utilization and verification of the same 
reciprocal relation. This will be seen at once from the 
definition of the ionizing potential of an atom as the elec- 
tronic energy which must be thrown into it by bombard- 
ment to just remove from it one of its outer electrons. 
Through the return of sudi removed electrons there 
is in general a whole spectral series emitted. Similarly 
the radiating potential of an atom is defined as the 
bombarding energy which must be supplied to it to just 
lift one of its outer electrons from its normal orbit to the 
first virtual orbit outside that normal orbit. When this 
electron drops back there is in general the emission of a 
single-line spectrmn. All this work took its origin in 
the fundamental experiments of Franck and Hertz' on 
mercury vapor in 1914. From 1916-22 the field was 
worked out in great detail, especially in America by 
Foote and Mohler, Wood, McLennan, Davis and 
Goucher, and others. 

Suffice it to say that whether the energy comes in 
the form of ether waves which through absorption in 
an atom lift an electron out of a normal orbit, so that the 
atom passes over to an excited or to an ionized state, 
or whether the energy enters in the form of a bombarding 

* Verh. der deutsch, phys, Ges., XV and XVI, 1914. 
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electron and reappears as a radiated frequency, the 
reciprocal relation represented in the Einstein-Bohr equa- 
tion Ei—Ea=hv has been found fulfilled in the most com- 
plete manner. 

In view of all these methods and experiments the 
general validity of the Einstein equation, first proved 
photo-electrically between 1912 and 1916, is now univers- 
ally conceded. The incident energy is called a photon." 

VI. OBJECTIONS TO AN ETHER-STRING THEORY 

In spite of the credentials which have just been pre- 
sented for Einstein’s equation, the essentially corpuscular 
theory out of which he got it has only recently met with 
general acceptance even by physicists of Bohr’s type; 
for there seemed at first to be no possibility of bringing it 
into harmony with a whole group of well-established facts 
of physics, and even now the difficulties are great. 

The recent practically complete bridging of the gap 
between X-rays and light,* as well as that between heat 
waves and wireless waves,* with the perfectly continuous 
passage of the latter over into static electrical fields, 
appears to demand that, if we attempt to interpret high- 
frequency electromagnetic waves — ^X-rays and light — ^in 
terms of undulatory “darts of light,” we use a similar 
mechanism in the interpretation of static electrical fields. 
This brings us back to something like an other-string 
theory, which seems to be a necessary part of Einstein’s 
conception, if it is to have any physical basis whatever. 

I Mi lli kan and Bowen, Fhys. Rev., January, 1934. Aleo H. Flemberg 
at Uppsala, Sweden, in 1942, using a curved crystal grating with our 
“hot-spark” source, got optical spectra down to X—dA— a great feat. 

•Nichols and Tear, Pkys. Rev., XXI (1933), 378. 
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Two very potent objections, however, may be urged 
against all forms of ether-string theory. The first is 
that no one has ever yet been able to show that such 
a theory can predict any one ot the facts of interference. 
The second is that there is direct positive evidence against 
the view that the ether possesses a fibrous structure. 
For if a static electrical field has a fibrous structure, as 
postulated by any form of ether-string theory, “each 
unit of positive electricity being the origin and each unit 
of negative electricity the termination of a Faraday 
tube,”* then the force acting on one single electron 
between the plates of an air condenser cannot possibly 
vary continuously with the potential difference between 
the plates. Now in the oil-drop experiments* we actually 
study the behavior in such an electric field of one sin^e, 
isolated electron and we find, over the widest limits, 
exact proportionality between the field strength and 
the force acting on the electron as measmed by the 
velocity with which the oil drop to which it is attached 
is dragged through the air. 

When we maintain the field constant and vary the 
charge on the drop, the granular structure of electricity is 
proved by the discontinuous changes in the velocity, but 
when we main tain the charge constant and vary the field 
the lack of discontinuous change in the velocity disproves 
the contention of a fibrous structme in the field, unless 
the assumption be made that there are an enormous 
number of ether strings ending in one electron. Such an 
assumption takes most of the virtue out of an ether-string 
theory. 

» J. J. Thomson, EkctricUy and Matter, p. 9. 

*Phys. Rev., II (1913), 109. 
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Despite, then, the apparently complete success of the 
Einstein equation, the physical theory of which it was 
designed to be the symbolic expression is thus far so 
irreconcilable with a whole group of well-established 
facts that most modern physicists have abandoned the 
attempt to visualize it, and we are somewhat in the posi- 
tion of having built a very perfect structure and then 
knocked out entirely the underpinning without causing 
the building to fall. It stands complete and apparently 
well tested, but without any visible means of support. 
These supports must obviously exist, and the most fasci- 
nating problem of modern physics is to find them. Ex- 
periment has outrun theory, or, better, guided by thus 
far non-visualizable theory, it has discovered relation- 
ships which seem to be of the greatest interest and im- 
portance, but the physical reasons for them are as yet 
not at all understood. 

vn. ATTEMPTS TOWARD A SOLUTION 

It is possible, however, to go a certain distance 
toward a solution and to indicate some conditions which 
must be satisfied by the solution when it is found. For 
the energy hv, with which the electron is found by experi- 
ment to escape from the atom, must have come either 
from the energy stored up inside of the stom or else from 
the light. There is no third possibility. Now the fact 
that the energy of emission is file same, whether the body 
from which it is emitted is held within an inch of the 
source, where the light is very intense, or a mile away, 
where it is very weak, would seem to mdicate that the 
light simply pulls a trigger in the atom which itself 
furnishes all the energy with which the electron escapes. 
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as was originally suggested by Lenard ia 1902,' or else, if 
the light furnishes the energy, that light itself must 
consist of bundles of energy which keep together as they 
travel through space, as suggested in the Thomson- 
Einstein theory. 

Yet the fact that the energy of emission is directly 
proportional to the frequency v of the incident light 
spoils Lenard’s form of trigger theory, since, if the atom 
furnishes the energy, it ought to make no difference what 
kind of a wave-length pulls the trigger, while it ought to 
make a difference what kind of a gun, that is, what kind 
of an atom, is shot off. But both of these expectations 
are the exact opposite of the observed facts. The energy 
of the escaping electron must come, then, in some way or 
other, from the incident light, or from other light of its 
frequency, since it is characteristic of that frequency alone. 

When, however, we attempt to compute on the basis 
of a qjreading-wave theory how much energy an electron 
can receive from a given source of light, we find it diflfi- 
cult to find anything more than a very minute fraction 
of the amount which it actually acquires. 

Thus, the total luminous energy falling par second 
from a standard candle on a square centimeter at a dis- 
tance of 3 m. is I erg.* Hence the amoimt falling per 
second on a body of the size of an atom, i.e., of cross- 
section io-*s cm., is 10-^ ergs, but the energy hv with 
which an electron is ejected by light of wave-length 
Soojuju (millionths millimeter) is 4X10-“ ergs, or four 
thousand times as much. Since not a third of the inci- 
dent energy is in wave-lengths shorter than 500 nn, a 

• Atm. d. Pkys. (4), Vm (1902), 149. 

» Drude, Lehrbuch der Optik (1906), p. 472. 



252 THE ELECTRON 

surface of sodium or lithium which is sensitive up to 
500 nn should require, even if all this energy were in one 
wave-length, which it is not, at least 12,000 seconds 
or 4 hours of illumination by a candle 3 m. away before 
any of its atoms could have received, all told, enough 
energy to discharge an electron. Yet the electron is 
observed to shoot out the instant the light is turned on. 
It is true that Lord Rayleigh has shown' that an atom 
may conceivably absorb wave-energy from a region of 
the order of magnitude of the square of a wave-length 
of the incident light rather than of the order of its own 
cross-section. This in no way weakens, however, the 
cogency of the type of argument just presented, for it is 
only necessary to apply the same sort of analysis to the 
case of 7-rays, the wave-length of which is sometimes as 
low as a hundredth of an atomic diameter (10-* cm.), and 
the difficulty is found still more pronounced. Thus 
Rutherford* estimates that the total 7-ray energy radi- 
ated per second by one gram of radium caimot possibly 
be more than 4.7X10* ergs. Hence at a distance of 100 
meters, where the 7-rays from a gram of radium would 
be easily detectable, the total 7-ray energy falling per 
second on a square millimeter of surface, the area of 
which is ten-thousand billion times greater than that 
of an atom, would be 4.7X10*4- 4irXio”-4Xio-J’ ergs. 
This is very close to the energy with which jS-rajrs are 
actually observed to be ejected by these 7-ray3, the 
velocity of ejection being about nine-tenths that of light. 
Althou^, then, it should take ten thousand billion 
seconds for the atom to gather in this much energy from 

'PhU. Mag., xxxn (1916), 188. 

• Radumtivt Substances and Th^ Radiations, p. a88. 
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the 7-ra5rs, on the basis of classical theory, the / 5 -ray 
is observed to be ejected with this energy as soon as the 
radium is put in place. This shows that if we are going 
to abandon the Thomson-Einstein h)rpothesis of local- 
ized energy, which is of course competent to satisfy 
these energy relations, there is no alternative but to 
assume that at some previous time the electron had 
absorbed and stored up from light of this wave-length 
enough energy so that it needed but a minute addition 
at the time of the experiment to be able to be ejected 
from the atom with the energy hv. What sort of an 
absorbing and energy-storing mechanism an atom might 
have which would give it the weird property of storing 
up energy to the value hv, where v is the frequency of 
the incident light, and then shooting it aH out at once, 
is terribly difficult to conceive. Or, if the absorption is 
thought of as due to resonance it is equally difiScult to 
see how there can be, in the atoms of a solid body, 
el^trons having all kinds of natural frequencies so that 
some are always found to absorb and ultimately be 
ejected by impressed li^t of any particular frequency. 

However, then, we may interpret the phenomenon of 
the emission of electrons imder the influence of ethor 
waves, whether upon the basis of the Thomson-Einstein 
assumption of bundles of localized energy traveling 
through the ether, or upon the basis of a peculiar prop- 
erly of the inride of an atom which enables it to absorb 
continuously incident energy and emit only explo- 
sively, the observed characteristics of the effect seem to 
furnish proof that the emission of energy by an atom is a 
discontinuous or explosive process. This was the funda- 
mental assumption of Planck’s so-called quantum theory 
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of radiation. The Thomson-Einstein theory makes both 
the absorption and the emission sudden or discontinuous, 
while the loading theory first suggested by Planck makes 
the absorption continuous and only the emission explo- 
sive. 

The new facts in the field of radiation which have been 
discovered throu^ the study of the properties of the 
electron seem, then, to require in any case a very funda- 
mental revision or extension of classical theories of 
absorption and emission of radiant energy. The 
Thomson-Einstein theory throws the whole burden 
of accounting for the new facts upon the unknown 
nature of the ether, or, if one dislikes the word, “of the 
field,” and makes radical assumptions about its structure. 
The loading theory leaves the ether alone and puts the 
burden of an explanation upon the unknown conditions 
and laws which exist inside the atom. 

In the first edition of The. Electron, of date 1917, I 
expressed the view that the chances were in favor of the 
ultimate triumph of the second alternative. In 1921, 
however, I presented at the Third Solvay Congress some 
new photo-electric experiments* which seemed at the time 
to point strongly the other way. 

These experiments consisted in showing with greater 
certainty than had been possible in earlier years* that the 
stopping potentials of different metals A, B, C, when 
brought in succession before the same Faraday cylinder 
P (see Fig. 35) and illuminated with a given frequency, 
were strictly identical. The significance of these results 

« Millikan, JPhys. Rev., XVIII (1931), 336. 

•Page, Amer. Jew. Set., XXXVI (xpig), 501; Hennings and 
Xadesefa, Phys. Rev., VTU (1916), 317. 
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for the theory of quanta lay in the fact that I deduced 
from them the conclusion that in the photo-electric 
effect, contrary to preceding views including my own, 
the energy “hv” is transferred without loss from the ether- 
waves to the free, i.e., the conduction electrons of the metal, 
and not merely to those hound in atoms. This seemed to 
take the absorbing mechanism out of the atom entirely, 
and to make the property of impartmg the energy hv to 
an electron, whether free or bound, an intrinsic properly 
of light itself. 



Fig. 3$. — Showing how photo-electric stopping potentials of different 
metals are compared by rotating B and C in vacuo into the position of A, 

But a beautiful discovery by Klein and Rosseland' a 
litde later, in Bohr’s Institute, made this conclusion 
unnecessary. For it showed that there was an inter- 
mediate process, namely, a so-called collision of the second 
kind, by means of which the energy hv might be trans- 
ferred without loss, indirectly from the light-wave to -the 
conduction electron, thus, obviating the necessity of a 
direct transfer. In other words, the Klein and Rosseland 
discovery proved that the energy hv could be transferred 
from , the light-wave to the conduction electron by being 

* Zdtschriftfiir Physik^ 4 (1921), 46. 
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absorbed first by an atom, which would thus be changed 
from the normal to the exdted state, i.e., the state in 
which one of its electrons has been lifted from a normal 
to an outer orbit. This exdted atom could then return 
to its normal state without radiation by a collision “of 
the second kind,” which consists in transferring its whole 
absorbed energy hv to a free or conduction electron. 
The reality of this phenomenon has been experimentally 
checked by Franck and Cario.* This important dis- 
covery then left the evidence for localized light-quanta 
precisely where it was before.* 

In the years 1923-25, however, the American physi- 
dst, Dr. A. EL Compton, of the University of Chicago, 
discovered another new phenomenon which constitutes 
quite as good evidence as the photoelectric effect in 
favor of Einstein’s hypothesis of localized light-quanta. 

Compton’s procedure is as follows. Assuming, for 
the sake of obtaining quantitative relations, the cor- 
rectness of Einstein’s hypothesis, he argues that when 
such a “light-quant” collides with a free electron the 
impact diould be governed by the laws which hold for 
the collision between any material bodies. These are 
two in number, namely: (1) the prindple of the conserva- 
tion of energy; (2) the prindple of the conservation of 
momentum (Newton’s Third Law). 

Now the energy of a light-quant, as heretofore shown, 
is hv. It moves with the speed of light, c, and if its 
momentum is taken as me, it follows at once from the 
Einstein rdativity relation between energy and mass, 

* ZeUsekriJt fUr Physik^ lo (192^), 185* 

* This was first called to my attention by Dr« Epstein, of tbe CaB- 
foniia Institute. 
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namely, aiergy/c*=f», that its momentum is — . 'ITiisis 

c 

seen by substituting in the foregoing Einstein relation hv 
for energy. Or, if preferred, the same expression for 
momentum may be deduced easily from the established 
laws of light-pressure. 

The qualitative results of the preceding assump- 
tions are immediately seen to be as follows. The light- 
quant, by colliding with the free electron necessarily 
transfers some of its energy to it, and therefore, if it ar- 
rives with the energy it must recoil from the impact 
at some angle 0 with a smaller energy hve, and therefore 
a lower frequency than that with which it im- 
pinged. In other words, light waves should be changed 
from a higher frequency to a lower— from blue toward 
red — by impact with a free electron. 

A second qualitative result is that, since the mass of 
the light-quant, as defined above, is even for the hardest 
X-rays (X==o.i Angstrom), of the order of a tenth of the 
mass of the electron, it is impossible from the laws of 
elastic impact that it transfer more than a small part of 
its energy to it. In other words, if Compton^ $ assumptions 
are correct^ the photo-electric effect, in which therp certainly 
is such a complete transfer, cannot possibly represent the 
interaction between a light-wave and a free electron. When 
the electron is bound in the atom there is no difficulty of 
this sort, for the huge mass of the atom then permits the 
momentum equation to be satisfied without forbidding 
the practically complete transfer of the energy to one of 
its electrons. From this point of view, then, the photo- 
electric effect represents the interaction between ether- 
waves and bound electrons — ^the Compton effect the 
interaction between ether-waves and free electrons. 
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The quantitative results which can be deduced from 
Compton’s assumptions are definite and simple. Com- 
bining the energy and momentum equations in the man- 
ner shown in Appendix H he obtains easily the result 

AX= 0484 sin’ \ 9 , 

in which AX represents the increase in wave-length due 
to the “ scattering ” of the incident beam by free electrons, 
and 6 is the angle between the original direction of the 
beam and the direction at which the scattered waves 
come to the measuring apparatus. 

Compton then tested this relation experimentally,’ 
using as his incident waves the characteristic X-rays 
from a molybdenum target, and as his scattering sub- 
stance the free (or substantially free) electrons found in 
graphite. Ee found indeed that the a-Une of molybdenum 
was shifted toward longer wave-lengths just as predicted, 
and in approximately the correct amount. There was also 
an unshifted line presumably due to scattering by bound 
electro^. 

Compton had used an ionization-chamber spec- 
trometer for locating his lines, Ross* repeated these 
experiments at Stanford University, California, using 
the more accurate photographic plate for locating his 
lines, but still using graphite as the scattering substance. 
His published photograph shows a line shifted the 
correct amount and also an unshifted one, but he com- 
mented on the fact that the shifted line shows no sign 
of a separation of the o, and Oa components while they 
are clearly separate in the direct picture, 

»A.H. Compton, (1933), 483, 715; XXU (1933), 409. 

’ P. A. Ross, Proc. Nat. Acad., Vn (1933), 346. 
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vm. dxjmond’s discovery 
The reason these components are not separated 
in any experiments like those of Ross was brought to 
light in very beautiful work at the California Institute 
of Technology by Dr. Jesse DuMond in 1931. DuMond 
designed and built a multicrystal X-ray spectrograph 
with the aid of which he and Harry A. Kirkpatrick were 
able for the first time to analyze the structure of the 
Compton shifted line. They found it not a line at all 
(see Fig. 36) but rather a broad band the width of which 
DuMond most skilfully and convincingly interpreted 
as due to the actual distribution of velocities among the 
electrons, within the metals, which suffered Compton- 
encounters with the incident X-ray photons. He showed 
that the displacement of each element of this band from 
the central image represented the superposition of the 
simple Compton effect arising from the impact of a 
photon with a stationary electron and the Doppler effect 
arising from the relative velocities of the incident photon 
and the moving electron actually encountered. Tliis 
DuMond effect thus gives us a means of determining not 
only the distribution of velocities among the free electrons 
of a metal but also the orbital velocities of the bound elec- 
trons. It presents direct evidence of the existence of both 
of these velocities, or momenta, since it is the electronic 
momentum that actually appears in DuMond’s equa- 
tions. It will of course be seen that these interpre- 
tations are all made in terms of the photon, or light-dart, 
theory of radiation, and thus lend the strongest of 
support both to it and to the conceptions of Bohr as to 
the djmamic as opposed to static nature of the atom, 
since these are also implied in the interpretations. 



CHAPTER XI 
WAVES AND PARTICLES 

The foregoing Mstory and discussion show how in- 
evitably the physicist has been forced whenever he is deal- 
ing with the interaction between so-called electromag- 
netic waves and individual electrons to use and to believe 
in the Einstein hypothesis of localized light quanta, or 
light-darts, more generally termed “photons.” 

But what, then, has become of the wave theory which 
seemed to be established “beyond the shadow of a doubt” 
by all the vast amount of work that has been done during 
the past hundred years in the Held of interference? 
Whether we are dealing with long wireless waves or with 
short ones, with heat waves, with light waves, with X- 
rays, or with gamma rays from radium, the classical 
electromagnetic wave theory always predicts correctly 
the observed interference pattern. How can we reconcile 
these old facts with the more recently discovered facts de- 
tailed above which seem to demonstrate so conclusively 
that radiant energy travels in the form of localized 
bunches of energy or photons, each of energy hv? 

This was the problem upon which Louis de Broglie 
was working when he published a paper in 1925 in which 
he tried to bring about some reconciliation between wave 
ideas and particle ideas.' To do this he at first said 
something like this, let us conceive the electronic orbits of 
Bohr as due to the travel of waves of some kind about the 

* L. de Broglie, Ann. de Physique^ X, 1925. 

260 



WAVES AND PARTICLES 


261 


nudens, each of the Bohr non-radiating orbits being of 
such radius that its circumference contains a whole num- 
ber of wave-lengths of these h)?pothetical waves, and 
thus constitutes a system of “standing electronic waves.” 
This hypothesis required, in accordance with the Bohr 
equation, that the wave-lengths of these assumed electron 
h 

waves be given by X= — in which m is the mass of the 

electron and v is the velocity with which it is moving. 
These wave ideas of de Broglie were taken up and modi- 
fied by SchrSdinger, Dirac, and others, and developed 
into what is now known as the theory of “wave mechan- 
ics,” but with all these changes in mode of approach the 

wave-length is always given by . 

Then the experimentalist came upon the scene, and 
the wave mechanics began to be more than merely a 
theory. One of its earliest successes in predicting results 
that had seemed quite inexplicable from the standpoint of 
preceding modes of thought came through its application 
by Oppenheimer at the Norman Bridge Laboratory to the 
interpretation of the laws of “field currents,” or cold 
emission which had been worked out experimentally by 
Eyring, Lauritsen, and the author.' We had first found 
that steady streams of negative electrons could be pulled 
out of cold metal surfaces by the use of sufficiently power- 
ful electrical fields, a result which we felt na difficulty in 
interpreting from the standpoint of the usual electron 
theory of metals. But when we found that the law gov- 
erning the relation of this current, i, to the applied field, 

' Millikan and Eyring, PAys. Rev., XXVII (1926), 51, and Lauritsen. 
Proc. Nat. Acad. Set., XIII (1928). 45-49. 
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F, was of the precise form i=Ce~^ , a form analogous to 
that governing thermionic emission save that the field F 
here plays the same r 61 e that the temperature T plays in 
thermionic effects, we were completely unable to give the 
law any theoretical significance until Oppenheimer' de- 
duced it from the fundamental postulate of the wave 
mechanics, viz., that there is a certain probability at all 
temperatures that an electron will pass through, rather 
than over, a “potential barrier like that existing at the sur- 
face of a metal.” 

But even before this there had begun to appear much 
more spectacular successes of the new “wave equations,” 
for a bit earlier in 1927 Davisson and Germer in the Bell 
Laboratories in New York had found in very fact that 
when they directed a stream of electrons against the sur- 
face of a metallic crystal the reflected electrons dis- 
tributed themselves according to a diffraction pattern 
precisely like that obtained when X-rays of wave-length 
h 

\= — are reflected from the same crystalline surface.* 

Then, a little later in 1927, G. P. Thomson,* and 
after him many others, shot streams of electrons through 
thin crystal gratings and obtained in every case diffrac- 
tion patterns precisely like those obtained by passing 

ether waves of wave-length X= — through these same 

mv 

* Oppenheimer, Phys. Rev,, XXXI (1928), 914, This is the first 
date of publication but it was in the fall of 1937 ^at these laws, experi- 
mental and theoretical, were being worked out at the Norman Bridge 
Laboratory. 

* Davisson and Germer, Phys, Rev,, XXX (1927), 707* 

* G. P. Thomson and A, Reif, Njoiure, CXIX (1937), 890. 
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gratings. The complete parallelism between the diffrac- 
tion patterns obtained by passing ether waves through 
crystal gratings and streards of electrons through such 
gratings is beautifully illustrated in the reproductions 
shown on Figures 37, 38, 39, 40, 41, and 42. 


Fig. 37 Fig. 38 

Fig. 37. — ^Diffraction pattern produced by passing a narrow beam of 
X-ra3rs (ether waves) through a thin aystal of zinc blend parallel to the 
trigonal axis, (Friederich and Knipping.) 

Fig. 38. — ^The quite similar diffraction pattern obtained by passing 
a narrow beam of dectrons (particles) through a thin film of crystallized 
al uminum . (G. P. Thomson.) 

Finally, Otto Stem of Hamburg and his collaborators 
performed similar experiments with streams of atoms of 
known velocities v and found in every case tried diffrac- 
tion patterns which could be computed from the equation 

where m is now the mass of the atm in question. 

mv 

In a word, then, experiments of this sort have shown 
with entire conclusiveness that streams of particles, when 
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either passed through, or reflected from, crystal gratings, 
produce all the interference patterns which the 19th cen- 
tury had associated with and explained by the ether-wave 
theory. Inversely, as shown above in the photoelectric 
and Compton effects, we have found ether waves acting 
like localized bunches of energy which in their interplay 
with electrons follow consistently the laws of particle en- 



Fio. 39 I’k. 40 

Fig. 39. — Diffraction pattern produced by passing a narrow beam of 
X-rays (ether waves) through zinc blend parallel to a cubic axis. (Frieder- 
ich and Knipping.) 

Fig. 40 — quite similar diffraction pattern obtained by passing a 
beam of electrons (particles) through a thin mica crystal. (S. Kikuchi.) 

counters. In other words, particles actually are found ex- 
perimentally to act like waves and waves to act like particles. 
All these reciprocal wave-particle effects have been fitted 
into the equations of the so-called wave mechanics, that 
new field of theoretical phyacs which has been developed 
from the primitive beginnings made by de Broglie 
through the labors of Schrodinger and Heisenberg and 
Dirac and Oppenheimer and many others. 
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Whether the wave properties or the particle properties 
of light quants, electrons, atoms, and molecules are the 
more fundamental may not yet be altogether certain, but 
we are at least beginning to be able to formulate some of 
the rules which Nature follows whenever and wherever we 



Fro. 41 Fig. 42 

Fig. 41.— a typical X-ray (or ether wave) diffraction pattern produced 
by a powder or thin film in which the elementary minute crystals have 
been forced by the grinding and sifting, or else by the beating or rolling, 
tp take a random distribution. 

Fig. 42. — The corresponding diffraction pattern obtained when a 
beam of electrons (particles) passes through a thin gold foil in which the 
rolling or beating has given the elementary crystals again a random 
distribution. 

find her playing this •wave-particle game. These rules 
may be stated as follows: 

Whenever, to take the simplest possible illustration, a 
single helium atom (alpha particle), a single electron, or 
a single light-dart shoots through a minute hole in a 
screen and impinges on another screen set up at some dis- 
tance behind the first one, this second screen experiences 
at one particidar point a bullet-like blow. About this there 
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can be no doubt, for if the screen is made of a suitable 
fluorescent material an eye observing it actually sees a 
flash or scintillation where the bullet struck. In such in- 
dividual elementary processes nature appears to exhibit 
only particle, or corpuscle, properties. 

But when from a given very small source, commonly 
called a point source, a large succession of atoms, or elec- 
trons, or light-darts shoot through the aforesaid hole, no 
matter how large is the mean time interval between the 
successive shots, these are actually found to distribute 
themselves on the screen in the series of concentric circles 
which is the characteristic diffraction pattern for the case 

in which light of wave-length X=— from a point source 

mv 

passes through a small hole and falls upon a screen set up 
parallel to the screen containing the hole. In the case of 
a light quant the m of the foregoing equation is given by 

the Einstein equation E^nuf ox hv=m(?, i.e., m=~. 

c 

In the case of an electron or an atom m is the mass of that 
electron or atom in grams. Just why the light quants, 
passing through holes, or slits, or lenses, or gratings of any 
kind, distribute themselves so as to produce in all cases 
precisely the patterns computed by the classical wave 
theory seems to transcend at present physical explana- 
tion. It is sometimes said that the light quants are “di- 
rected by” the “Poynting vector” or by the “field equa- 
tions” or that the electrons or atoms “are guided by a 
train of waves.” But this is merely to state in other 
words the aforementioned fact. 

The new e^erimental discovery, made since the ad- 
vent of the wave mechanics and stimulated by it, is that 
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other kinds of particles besides photons, namely, elec- 
trons and atoms, also behave in the same way. We can 
now compute for these latter particles the wave-lengths 
corre^onding to given masses and given velocities, and 
then actually get photographically and quantitatively, 
too, the predicted wave patterns. To state the newly 
discovered situation as generally and as briefly as possi- 
ble, whenever we are dealing with a single elementary 
process, i.e., an individual “microscopic event,” we find 
that we must use the particle conception in order to de- 
scribe our experimental findings, but whenever we are 
dealing with a huge ensemble of elementary processes, 
i.e., a statistical array of microscopic events, we must use 
the wave conception in order to predict the experimental 
situation. From the standpoint of the thinking of the 
nineteenth century these two facts are contradictory. 

Why have these contradictions arisen? Can we see 
even dimly a physical significance behind them? For, to 
the experimental physicist, at least, this world is at bot- 
tom more than a world of equations or even of ideas. 
Some external physical things are happening and we can- 
not rest indefinitely content with two types of physical 
interpretation of the same phenomena that seem to be 
mutually exclusive. The ultimate elementary processes 
which constitute light cannot be both waves and corpus- 
cles. Which are they really? And what kind of legerde- 
main has nature played upon us to make them seem other- 
wise? How “did the rabbit actualjiy get into the hat?” 
The only way I can see out of the contradiction is to as- 
sume that all microscopic or elementary processes, 
whether they are processes of matter ph)^cs or of ether 
physics, are at bottom disaete-partide processes, the four 
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types of units involved being (i) elementary units of elec- 
trical charge, (2) elementary units of mass, (3) elementary 
units of radiant energy, and (4) elementary units of mo- 
ment of momentum or “action” (called Planck’s h units). 
Only when large numbers of these units are involved do 
we get over into the field of continuous processes of which 
waves constitute one of the best of examples. In other 
words, according to this view, all apparently continuous 
phenomena represent statistical or mean behaviors of ele- 
mentary particles, in precisely the same way as the tem- 
perature of a mass is the mean kinetic energy of its parti- 
cles, a fact which obviously does not imply that every 
individual molecule has that energy. 

In the words of M. de Broglie, “the fundamental pos- 
tulate of the wave mechanics is that with every independ- 
ent particle, whether of matter or of radiation, there is 
associated the propagation of a wave, the intensity of this 
wave representing at each point and at each instant the 
probability that the associated particle will reveal itsei! 
at tl^is point at this instant.” The “wave” here spoken 01 
as associated with the movement of the particle is then 
only an “artifice of calculation.” It is a probability wave 
which describes accurately how the particles do actually 
distribute themselves, but it contains no information what- 
ever as to why they do it. Yet this question of “why'' 
will not down. Physicists are just now trying to find the 
reason for this behavior in the Heisenberg uncertainty 
principle, i.e., an uncertainty, or better an incorrectness 
in the assumption of an absolute length and an absolute 
time. The probability function which comes out of Heisen- 
berg’s equation has already succeeded in some cases in 
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predicting the wave equation which 3delds the observed 
interference pattern. 

At any rate, this recent particle-wave history that I 
have tried to recount shows at least that we are moving 
on and on continuously in our knowledge of the actual be- 
hamor of the physical world. We first discover the laws 
that govern the interaction of large bodies, Newton’s 
laws, and these are just as valid now for large bodies as 
they ever were; then we discover the laws that hold in all 
the large-scale phenomena of ether physics, and they too 
are just as valid now as ever for these large-scale phenome- 
na, Then we discover methods of pushing our researches 
farther into the field of individual, elementary processes 
and a whole group of new laws appears, not irreconcilable 
with the first but containing the first as limiting cases as 
the number of units involved becomes large. In other words, 
when we are buying sand by the ton we do not even need 
to know that it contains grains. And so long as we are 
merely building houses we get along satisfactorily without 
the knowledge of the granular structure. But fortunate- 
ly the mind of man is not content with merely building 
houses. It seeks to ^^know so that life may be enriched.” 



CHAPTER Xn 
THE SPINNING ELECTRON 

There is perhaps no chapter in the history of the de- 
velopment of modem electronic physics which better illus- 
trates the usual steps in the process of discovery than does 
the chapter in which is told the story of the introduction 
of the idea of the spinning electron. This process here 
goes through the following sequence: (i) prediction on 
the basis of established findings and existing theory of re- 
sults to be expected; (2) the search of the experimentalist 
to verify these predictions; (3) his discovery through this 
search of elements of inadequacy in the conception from 
which he started out; and (4) the subsequent extension of 
the theory so as to make it cover the new findings. 

Up to the present the electron has been thought of as 
essentially a point charge. It is trae that in the develop- 
ment of the idea of the electromagnetic origin of mass we 
were led to assign a radius to the sphere over which the 
electronic charge might be assumed to be uniformly dis- 
tributed in order to obtain from our theory the rest-mass 
that the free electron is by experiment found to possess, 
but we were careful to call this the radius of “the equiva- 
lent spherical charge,” since we had no real warrant for 
assuming that the electron itself is a charge distributed 
over such a sphere. Up to the present we have dealt with 
no properties of the electron which required of it any- 
thing more than (i) to attract or repel other charges from 
a location which might be looked upon as a point in space, 
and (2) to describe, in the case of the Bohr atom, an orbit 
about another essentially point-charge on the atomic nu- 
cleus. This was perhaps too simple a conception to be 
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expected to last, for nature in the history of her encount- 
ers with the scientist has always shown herself to be a con- 
summate poker player, often holding cards up her sleeve 
when he thought her hand was on the table. But at any 
rate the story of how her hand was forced in this case is 
somewhat as follows: 

I. RELATIVISTIC INTERPRETATION OF 
FINE STRUCTURE 

It win be recalled that Bohr’s simple theory had con- 
sidered only circular orbits, the radius r of a given orbit 
remaining constant and the azimuth <p alone varying as 
the electron moved about in its orbit. In its inmost orbit 
the electron of the hydrogen atom had one unit of moment 
of momentum, the unit being actually hf 2 t, in its second 
orbit two units, in its third three, etc. But this condition 
could be as well fulfilled with certain types of elliptical 
orbits as with circular orbits, but in that case two inde- 
pendent variables (p and r would have to be introduced to 
describe the motion in each ellipse. Sommerfeld applied 
the same sort of quantum conditions to both of these vari- 
ables as Bohr had applied to <p alone before, i.e., he made 
the very natural assumption that if it was necessary to 
quantize one of the independent variables which defined 
tibe system it was necessary to treat the other in the same 
way. He thus made the total integral of the moment of 
momentum* of the system taken around a complete cycle 

‘ More correctly “quantity of action” defined by iPipd<t>+jp^r for 
the Wilson-Sommerfeld rules for the quantization of the azimuthal co- 
ordinate <p and the radial co-ordinate r are 

X ^«»3T ^ tp^2v 

P<pd<p^kh and I p4r—nh 

«o Jip^C 

p(0 representing “moment of momentum” with respect to <p and Pr repre- 
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—the so-called total quantum number — ^the sum of an 
azimuthal and a radial quantum number, the way in 
which the total integral of the moment of momentum 
was divided between the two determining the ellipticity 
of the orbit. Thus, when the total quantum number was 
I, the aamuthal quantum number had to be i and the 
radial quantum number o, or else the azimuthal o and the 
radial i. The first condition meant physically a circular 
orbit, as in the simple Bohr theory, while the last meant a 
radial oscillation in which the electron had to pass 
through the nucleus, which seemed a physical impossibil- 
ity (see, however, V, p. 300). Hence the inmost orbit, 
designated as a ii orbit (the first integer denoting total, 
the last azimuthal quantum number, the radial being the 
difference between the two), had always in this theory to 
be a circle. (See Fig. 27, page 219.) For total quantum 
number 2, however, two different orbits were possible, 
namely, a 23 orbit, a circle (later on to be designated a p 
orbit), or a 2i orbit, an ellipse (later called an j orbit) hav- 
ing its major axis equal to the diameter of the circle and 
twice its minor axis. The orbits of total quantum num- 
ber 3 might have the shapes 3j, 3*, or 3,, just as shown in 
Figure 27, namely, a circle and two ellipses all having the 
same major axis but minor axes in the ratios 3, 2, i. 

So long as the Newtonian law of attraction governed 
the motions, all the orbits of a given total quantum num- 
ber would have exactly the same energy (for this would be 
determined solely by the length of the major axis of the 
ellipse) and hence be spectroscopically indistinguishable, 

seating momentum along r, so that, since dip has no dimensions while dr 
is a length, both quantities under the integral have the dimensions of 
“moment of momentum ” 
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since the only directly observable quantity in spectrosco- 
py is the emitted frequency, determined by the electron 
jump from one orbit to another, i.e., by the difference in 
the energies of two orbits. But when the Einstein rela- 
tivity corrections are applied to the Newtonian laws there 
is introduced, as already indicated on page 218, a change 
of mass with speed which makes the energy of binding of 
the electron to the nucleus in the case of a series of orbits 
of the same major axis (total quantum number) slightly 
greater the greater the ellipticity of the orbit, and hence 
makes the electron jumps into these orbits from a given 
position correspond to a number of slightly different fre- 
quencies, thus introducing fine structure into spectral 
lines. The theoretical procedure here adopted is in part 
the same as that used by Einstein in explaining precession 
in the perihelion of Mercury, i.e., it is another instance of 
the application of the laws of celestial mechanics to the 
domain of atomic mechanics. The quantitative predic- 
tion, however, of Mercury’s precession involves the gen- 
eral relativity theory, whereas the foregoing has to do 
only with “special relativity,” since the gravitational force 
between the nucleus and the electron is practically zero. 

This Sommerfeld relativistic interpretation of fine 
structure introduced new possibilities of spectroscopic pre- 
diction which from 1919 to 1924 had extraordinary suc- 
cesses. Thus, all the lines of the so-called B aimer series 
of hydrogen, which consist of jumps into the state of total 
quantum number 2, a state possessing, according to the 
foregoing theory, only two possible orbits, one a circle and 
one an ellipse, should reveal a fine structure correspond- 
ing to the difference in the energies of these particular cir- 
cular and elliptical electronic orbits. To a first approxi- 
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mation they should actually all be doublet-lines with an 
accurately predictable difference in wave-length, or in 
frequency; and again the prediction could he made wholly 
from the laws of orbital mechanics. Sommerfeld’s theo- 
retical value of the frequency separation of the hypo- 
thetical hydrogen doublets of the Balmer series (total 
quantum number 2) came out .365 cm."* frequency units. 
Now with instruments of high resolving power not only 
are these hydrogen lines all found actually to be doublets 
just as predicted, but the most accurate determination of 
this separation, obtained by Professor William V. Hous- 
ton* in the Norman Bridge Laboratory from his measure- 
ments on the Ha, H^, and E., doublets came out .36 
cm.-* — a value within i per cent of the computed value — 
an altogether outstanding and spectacular demonstration 
of the power of the physicist’s newly discovered methods 
of spectroscopic prediction. 

Again, the theoretical relativity formula made the 
frequency separation of a corresponding pair of lines vary 
with the fourth power of the atomic number so that the 
corresponding lines in ionusd helium— hke atomic hydro- 
gen a simple nucleus-electron system, but with a charge 
on the nucleus twice that in hydrogen — should be 
times as far separated as in hydrogen. This prediction 
also was accurately verified, as early as 1916, by Paschen,* 
his observed separation divided by 16 yielding, with ex- 
traordinary accuracy, 0.365 ±.0005 — another quantita- 
tive triumph of orbital theory. 

But perhaps the most spectacular success of the rela- 
tivity formula as applied to the interpretation of spectro- 

■ William V. Houston, Astrophys. Jour., LXIV (1926), 81. 

’ Paschen, “Helium lmea,”Am. dor Pkvoik. L ~.r 
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scopic fine structure came when this formula predicted 
with approximate correctness the frequency separation of 
the so-called L doublets in the X-ray spectra of the heavy 
elements like uranium. This, being a doublet correspond- 
ing, like the hydrogen doublets, to the electronic orbits of 
total quantum number 2, ought, if it were actually a rela- 
tivity doublet as assumed by Sommerfeld, to have a fre- 
quency separation obtainable by multiplying the observed 
separation in the case of hydrogen by the huge factor of 
71 million, for this represents the fourth power of the ratio 
of the atomic number of uranium (92) to that of hydrogen 
(i). The more accurate relation is 

Lvl=^vb{Z—s)* 

in which Lvi is the separation of the X-ray L doublet, Lvg 
that for hydrogen, viz., 0.365, Z the atomic number of the 
element in question, and s the screening constant for the 
L shell of electrons which Sommerfeld took as 3.5. This 
may be thought of as 2 for the two K electrons and 1.5 for 
the interaction of the electrons of the L shell upon one 
another, thus making 5=3.5. This prediction also 
checked with esperiment.* 

No theoretical fortmda in the history of physics has had 
more spectacular successes than has Sommerfeld’ s relativity 
formula as applied to speckoscopie fine structure. 

n. THE SPECTRA OE THE ALKALI METALS 

We have seen in the preceding section how Sommer- 
feld applied the relativity principle to the elementary 
Bohr theory so as to account for the fact that all the lines 
of the spectra of the atoms of both hydrogen and helium 

‘ See Sommerf eld’s Atombau, 4th Get. ed., p. 445. 
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are close doublets, the elliptical, or 2i, orbit corresponding 
to a slightly larger binding energy than the circular or 2j 
orbit. 

The next logical application of the orbit theory as 
presented in Figure 27, page 219, was to the interpreta- 
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Pig. 43.— The diagrammatic representation of the spectra emitted bv 
the atom of lithium. 

tion of the spectra of the atoms of the alkali metals, of 
which lithium is the simplest example. Its spectrum is 
sho^ diagrammatically in Figure 43, the various possible 
orbits being here replaced simply by “energy levels” be- 
tween which electrons jump in order to nroduce the oh. 
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served spectral lines. The so-called “principal series” 
are produced by electron jumps into the so-called S levels, 
each of which in the Bohr theory, of course, corresponds 
to a particular orbit, indicated in the first column on the 
left. Since, according to the theory, there are in the sec- 
ond electronic shell (total quantum number 2) but two 
orbits, and since the lowest observed level corresponds to 
the highest numerical value of the binding energy, it will 
be seen that this lowest S level must be a 2i orbit, i.e., an 
ellipse. Similarly, the lines of the so-called sharp series 
are produced by jumps from the 5 levels into the P levels, 
or orbits, indicated in the second column from the left, 
and this P level in the second or L shell must according to 
the theory be a 2* orbit, i.e., a circle. Likewise, the so- 
called diffuse series correspond to electron jumps from the 
more remote D levels shown in the third column, into the 
P levels, and finally the so-called fundamental series to 
jumps into the D levels from the still more remote F levels 
of the fourth column. 

If, now, it were possible for electrons to jump at will 
from any level of higher numerical potential energy to one 
of lower, lithium would show a spectrum having a very 
much greater number of lines than is actually found. 
Hence, so-called selection rules are set up so as to restrict 
the possible jumps to those corresponding to actually ob- 
served lines. Greometiically stated these rules limit the 
jumps to levels of lower numerical energy in adjacent col- 
umns, as shown in Figure 43, in which the lines connecting 
leyels show all the electron jumps that are found to be 
normally possible. 

But now let us see what these levels mean from the 
standpoint of the Bohr orbit theory. Lithium has the 
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atomic number 3, and this means that it has three elec- 
trons in the region surrounding its nucleus, two in its 
K shell and one in its L shell. It is the jumping of the 
L electron from one level more remote from the nucleus 
to another less remote that produces all the lines indi- 
cated in Figure 43. The orbit in which this electron gets 
closest to the nucleus is of course the elliptical or 2, orbit. 
(See Fig. 27.) The other L orbit is a circle, designated 
by 2a, and is represented by the lowest level in the second 
or p column. Now it will be remembered that Sommer- 
feld found the explanation of the very close doublet struc- 
ture of the hydrogen and helium lines (so close that pow- 
erful spectroscopes are needed to separate them) in the 
fact that because of relativity the binding energy of the 2i 
orbit was just a trifle more than that of the 2, orbit. But 
how does it come that in lithimn this same difference be- 
tween a 2i and a 2* orbit produces forty thousand times 
that energy difference (for this is actually the order of the 
energy difference between the lowest levels shown in col- 
umn I and column 2, Fig. 43)? 

Bohr found the answer to this question in the fact, 
easily computable from the orbit theory, that the 2, orbit 
permits the electron describing it to cut inside the orbit in 
which are found the two K electrons. The necessary re- 
lations are all found merely in the shapes of the orbits, as 
these are fixed by the foregoing quantuation rules. For 
suppose the single electron which belongs to the L shell of 
lithium is in the 2i orbit — an ellipse the major axis of 
which is twice the minor axis. Since the nucleus is at the 
focus of this ellipse, the revolving electron must at peri- 
helion dip inside the circular K orbits of the two K elec- 
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Irons, as it is shown in Figure 27 to be doing, and there be 
relieved from the screening effect of these two K electrons 
for it. In other words, because of this penetration of the 
elliptical orbit inside the K shell the electron when in the 
2i orbit gets into a field of force several times as intense as 
it would if it did not penetrate the K shell. It is thus on 
the average very much more tightly bound to the nucleus 
than is the electron in the 2^ orbit, which does not thus 
dip inside the K shell. Hence, wherever there is such an 
inner shell to penetrate, the energy difference between the 
2i and the 2a orbits will be very much larger than the rela- 
tivity difference. The very beautiful way in which this 
sort of explanation fits the observed facts whenever there 
are inner shells to penetrate (see Fig. 27) constitutes an- 
other extraordinary triumj^h for the orbital conception. 
Indeed, these ^^interpenetration ideas’’ of Bohr, illus- 
trated in Figures 28, 29, and 31, have been among the most 
fruitful of any of the orbital conceptions, illuminating in 
an extraordinary way the chemical properties of the ele- 
ments as revealed particularly in the picture of the period- 
ic table given in Figure 30.* 

Up to this point, then, Sommerfeld’s application of 
the relativity principle to the Bohr orbits has had alto- 
gether remarkable success, not only in explaining the fine 
structure of the spectra of the atoms of hydrogen and 
helium, but also in making intelligible both the similari- 
ties and the differences between the spectra of these sim- 
ple atoms and those of the alkali metals. 

* N. Bohr, Three Lectures on Atomic Physics ^ Vieweg: Braunschwerg, 
1922; also Ann. der Physik^ LXXI (1923), 228. 
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m. INNER QUANTUM NUMBERS 

The only cause of spectroscopic fine structure thus far 
considered has been the relativity cause which operates 
by virtue of a difference in the shapes of orbits of the 
same total quantum number. But it was found as early 
as 1920' that that was not enough to account for all the 
facts of fine structure. In X-rays, for example, the so- 
called L orbits, or L levels, correspond to a total quantum 
number 2, and this permits of only two different orbits, 
one a circle designated as a 2^ orbit, and one an ellipse 
designated as a 2, orbit; but X-ray absorption experi- 
ments, like those shown in Figures 22 and 23, brought to 
light three different levels or orbits, all close together in 
frequency, in which L electrons were actually found. Two 
of these followed the relativity law, also known as “the 
regular doublet law” referred to in the last paragraph. 
The frequency difference of these two levels varied with 
the fourth power of the atomic number, as demanded by 
the relativity equation. These two levels are represented 
by the two diverging lines marked Li Lt in Figure 44. 
The third level, Lj, is seen to follow an entirely different 
law, for it runs everywhere parallel to Z,, and could 
therefore be accounted for by some difference in the ap- 
parent value of the nuclear charge such as might be pro- 
duced by some difference in the screening of the nucleus 
from the two orbits in question. L, Xj are therefore some- 
times called “the saeening doublet.” The frequency 
difference between L, and i-j follows what has become 
known as the irregular doublet law, so that the geometri- 
cal representation in Figure 2 of the irregular or screening 

> Sonunerfeld, Ann. der Physik, LXIII (1920), 421. See also Atmbm 
u Spectrdlinien, chap. viii. 
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doublet law is parallel lines, of the regular or relativity 
doublet law diverging lines. 

Similarly, in the field of optics there are found experi- 
mentally three levels, or orbits, corresponding to the total 
quantum number 2, instead of merely the two permitted 



Fig. 44. — Regular and irregular X-ray doublets 

by the relativity theory. Although they are not both 
shown in Figure 43, there are actually two p levels too 
close together to be distinguishable in this diagram, and 
not merely the one 2* orbit permitted thus far by the 
theory. It is these two p levels that are responsible for- 
the familiar red doublet most characteristic of lithium. 
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Since, then, only two different shapes were possible, Som- 
merfeld introduced the idea that two orbits of the same 
shape, but of different orientations, might exist, and that 
some diss)Tnmetry in the central force-field gave these two 
orbits slightly different energies. He introduced a so- 
called inner quankm number generally denoted by the 
symbol J to take care of this variation in orientation, just 
as changes in azimuthal quantum number took care of 
variations in shape. 

The difference in the frequencies of the familiar doub- 
let lines in lithium, for example, was supposed to be due 
to the fact that these two lines represented jumps into a 
common orbit called an r orbit from two orbits which 
differed only in inner quantum number, i.e., orbits of 
different orientations but the same shapes — ^in this case 
circles, or 2, orbits, known as the piPt orbits. The r orbit, 
on the other hand, into which these two electrons jumped 
to form the lithium doublet, was the third possible orbit 
of the total quantum state 2, namely, the 2, orbit, of 
elliptical shape, the major axis being twice the minor. 
The two circular, or p, orbits differed only slightly in fre- 
quency, or energy, but the change in energy in going from 
either of the p orbits to the ^ orbit was relatively very 
large, as explained in the preceding section. 

This was the situation with respect to both optical and 
X-ray doublets when I. S. Bowen and myself began our 
studies on the spectra of so-called “stripped atoms.” 

IV. TH^ SPECTRA OP STRIPPE0 ATOMS 

These studies grew out of the development of the tech- 
nique of what we termed “hot-spark vacuum spectrome- 
try” with the aid of which it became possible to open up 



THE SPINNING ELECTRON 283 

to exploration and careful study the whole range of wave- 
lengths between the visible and the X-ray fields. Prior 
to 1920 Lyman' had succeeded in obtaining the spectrum 
of the gas helium down as far into the ultra-violet as to 
600 Angstroms, but aside from this the ultra-violet spec- 
trum below 1,000 A was a completely unexplored region 
and the available data between 1,800 A and 1,000 A was 
very meager. It was precisely in this region that lay the 
“stripped atom” spectra of greatest significance for the 
^vances recorded in this chapter. For by 1923 with our 
high-vacuum, high-potential, “hot-spark” technique* we 
had carried our ultra-violet explorations down to a re- 
ported wave-length of 136 A using vertical incidence of 
the light upon the gratings, and as early as the spring of 
1923 Bowen had developed and successfully used the 
gracing inddence technique and with it checked our wave- 
lengths down to 124 A. He did not, however, publish 
this grazing incidence method since in his early work he 
did not reach much shorter wave-lengths than we had 
obtained udng normal inddence. In 1926 this method 
was independently worked out and published by A. H. 
Compton, and has since yielded in many hands fine spec- 
tra down to as low as i A. 

By the year 1924 Bowen and the author had succeed- 
ed with this “hot-spark” high-vacuum spectroscopy in 
stripping the entire outer or valence shell of electrons 
from each of the whole series of atoms Li, Be, B, C, N, 
and 0 . We thus obtained for the first time a long series 

' Lyman, Astrophys. Jour., XLIII (1916), 10a. 

» Millikan and Bowen, “Extreme Ultra-violet Spectra,” Phys. Rev., 
XXni (1924), I. See also Millikan, Sawyer, and Bowen, Astrophys. 
Jour., Lin (1921), 150. for stiH earlier work on “hot sparks.” 



284 


THE ELECTRON 


of light atoms having an identical electronic structure but 
a linearly increasing effective nuclear charge. For in view 
of the fact that the atomic numbers of these atoms are 3, 
4> 5 ) 6, 7, 8, respectively, and each of them has two elec- 
tons in its K shell, the effective nuclear charges for these 
stripped atoms are i, 2, 3, 4, 5, 6. It is, of course, the re- 
turn of one of these removed electrons through successive 



Fig. 45.— Moseley’s law in the field of optics. Stripped atoms of the 
second row of the periodic table. 

jumps from the more remote to the inner levels that pro- 
duces, for example, the lithium spectrum shown diagram- 
matically in Figure 43, and precisely corresponding spec- 
tra pushed, however, farther and farther into the ultra- 
violet where our hot-spark spectroscopy could get at 
them, as the effective nuclear charge rose successively 
from I to 6 in going from stripped lithium to stripped oxy- 
gen. But it is precisely this combination of identity of in- 
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ternal electronic strnchire among heavy aioms with linearly 
increasing nuclear charge which is responsible for the exist- 
ence of the Moseley law in the X-ray fM — a law in whidi 
the square root frequency increases linearly with atomic 
number (Fig. 44). 

When we tested this law with the foregoing sequence 
of stripped atoms, both in the levels for which the total 
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Fig. 46. — ^Moseley^s law in the field of optics. Stripped atoms of the 
third row of the periodic table. 

quantum number is 2 and those in which it is 3, we ob- 
tained the diagram shown in Figure 45. Similarly, we 
stripped the outer shell of electrons from the whole series 
of atoms of the third row of the periodic table, viz., Na, 
Mg, Al, Si, P, S, and Cl, and found the Moseley law again 
completely applicable (Fig. 46). 

The new simplicity and orderliness introduced into 
the tangled empiricism of the field of optical spectra, by 
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the opening to systematic exploration in the years 1920- 
2$ of the ultra-violet region between 1,800 A and 150 A, 
is very strikingly illustrated by Figures 47 and 48. To 
understand what these plates mean consider first the 
familiar and prominent pair of red lines in the lithium 
spectrum. These may be taken as the characteristic jlag of 
a one-electron system, if we here define a one-electron 
system as a stripped atom through whose series of empty 
quantum orbits the first electron is jumping back as the 
atom tries to restore itself to its normal condition. 
When then we found this characteristic flag in the 
beryllium spectrum pushed over toward the ultra-violet 
just the right amount to fit the Moseley law, and with just 
the right wave-length separation, we knew that there ex- 
isted in our source stripped Be atoms and we then pro- 
ceeded to look in the beryllium spectrum for all the other 
lines characteristic of a one-electron system as found in 
lithium. Then going farther toward the ultra-violet we 
sought first the characteristic doublet flag when boron 
was in our hot-spark electrodes, and found it, and after- 
ward all the other expected lines. Then we did the same 
with carbon, then with nitrogen, then with oxygen, 
though not at that time with fluorine. Then going over 
to the next row of the periodic table we did the same 
with Na, Mg, Al, Si, P, S, and Cl, for every one-electron 
system always flies this doublet flag. 

Precisely similarly every two-electron system, i.e., a 
nucleus with two electrons jumping through its otherwise 
empty quantum orbits, has its own characteristic spec- 
trum, the presence of which can be easily recognized by 
some prominent group of lines that may be called the 
characteristic flag of a too-electron system. In just the 
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same way we can find a characteristic flag flown by a 
three-electron system. Now Figures 47 and 48 show 
very beautifully these characteristic flags of both two- 
and three-electron systems, and hence tell us that any 
source in which these flags appear contains such atomic 
systems. Thus, the quintuplet of nearly equally spaced 
lines (Figs. 47 and 48) has now been found for all the two- 
valence electron spectra which have been studied by the 
method of hot-spark spectroscopy, namely for Mgi, Ain, 
Sm, Piv, Sv, Clvi, and for Bei, Bn, Cni, Niv, Ov, where the 
roman subscripts now signify the number of valence 
electrons that have been displaced from the normal atom 
in order that this spectrum may appear. Similarly, the 
quadruplet flag shown in the spectra of Si, P, S, Cl, C, N, 
0 is the characteristic flag for all three-valence electron 
systems. Furthermore, these quintuplet and quadruplet 
groups shown in Figures 47 and 48 are of exceptional 
theoretical interest because their existence proves that 
two electrons, loth of which are in unstable quantum states, 
may simultaneously perform two definite quantum jumps 
and integrate their combined energy-changes into a single 
monochromatic radiation} The mechanism by which 
such an integration takes place is at present entirely un- 
known. 

But the results shown in Figures 45 and 46 1 ^ impor- 
tant consequences in still other directions. It will be 
seen that the difference between the frequencies of the s 
and p series is precisely like the difference between the 
two upper lines of the X-ray series shown in Figure 44. 
In other words, it is an irregular or screening doublet rela- 
tion that exists between the ^ orbits and the p^ orbits in 

' Bowcii and Millikan, Phys. Rev., XXVI (1925)1 



290 


THE ELECTRON 


optics, just as between the Lt and orbits in X-rays. 
We next found to our amazement, by careful measure- 
ments on the variation of the separations of the 
doublet lines in going through the stripped atom series 
Li, Be, B, C, N, 0 , and also through the series Na, Mg, 
Al, Si, P, S, Cl, that these separations increased according 
to a fourth-power law with effective nuclear charge, i.e., 
pipt constituted a relativity doublet precisely as did i, 
Lt in X-rays. In a word, there was complete correspond- 
ence between the s orbit in optics and the orbit in X- 
rays, the pt orbit in optics and the Lt orbit in X-rays, the 
pi orbit in optics and the Z,, orbit in X-rays. 

There had been indications of this relation earlier. 
Sommerfeld in the first edition of his book, 1919, had sug- 
gested it, but in later editions had discarded it as unten- 
able because theoretically impossible and not experimen- 
tally justified. No unambiguous evidence could in fact 
be found until we had obtained a long series of atoms of 
identical electronic structure and varying nuclear charge 
to compare. It was work with these series that proved 
beyond a doubt that the energy difference 'between the pipt 
orbits followed in every respect the relativity equation, 
though it could not possibly be dm to a relativity cause, as 
this cause was then understood, since this cause required 
differences in shapes of orbits, while the ptp^ orbits could 
not have differences in shapes but only differences in 
orientation. For the only difference in shapes of orbits 
permitted in the foregoing Bohr theory in the second or L 
quantum state was the 2i2a difference required between 
the s and the p orbit in order to form the basis for the 
interpenetration ideas of Bohr which had had so manifold 
successes that they could not possibly be disregarded. 
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In papers published in 1924 and 1925* we therefore 
stated it as one of the most interesting problems of theo- 
retical physics to retain relativity as a cause of fine struc- 
ture in hydrogen and helium, and indeed in general, and 
yet to find another non-relativistic cause '^magnetic, or 
magnetic and electrostatic combined,^’ which would 
follow exactly the relativity equation. We concluded 
one of these articles with the following italicized state- 
ment: 

^‘The evidence for a difference in kind between the fine 
stnicPure of the lines of the two lightest elements, atomic hy- 
drogen and ionized helium, and that of lithium and oil the 
elements beyond it is so good, despite their apparent simi- 
larity in behavior in strong magnetic fields, that we propose 
to attribute the doublets of atomic hydrogen and ionized 
helium to a true relativity cause, and to introduce a new non- 
relativistic cause, which, however, obeys an equation almost 
exactly like the relativity equation, to account for the beha- 
vior of lithium and the elements of higher atomic rmmber. 
This is the only possible way to retain both Bohr^s interpene- 
tration ideas and SommerfeWs relativistic treatment of elec- 
tron orbits; and both of them seem at present to demand re- 
tention. To find a new cause for the relativity-doublet-for- 
mula with only a little leeway in the value of the numerical 
constants is a problem worthy of the efforts of the theoretical 
physicist” 

Probably never before in the history of physics had 
such an extraordinary — so well nigh impossible — a condi- 
tion been imposed. And yet within a year of our state- 

* Pkys, Rev., XXIV (1924), 209-28; Proc. Nat. Acad. Sci., XI (1925) > 
1 19; Phil. Mag., XLIX (1925), 923. 
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ment of the problem, two young Dutch physicists, Uhlen- 
beck and Goudsmit,' stimulated partly by our work, part- 
ly by other difficulties with existing theory, pointed out 
e^dally by Land6, and having to do with the so-called 
anomalous Zeeman effect, had found in the assumption of 
the spinning electron another cause of fine structure which 
followed exactly the same law in all respects as the rela- 
tivity cause. The incident furnishes as striking an illus- 
tration as the history of physics thus far affords of the 
power of experimental and theoretical methods combined 
for predicting new phenomena, interpreting old ones, and 
thus slowly but inevitably, step by step, forcing open na- 
ture’s hitherto fast-bolted doors. 

The new physical conception introduced by Uhlen- 
beck and Goudsmit is that every electron within an atom 
is not merely revolving in an orbit, but at the same time 
rotating, just as does a planet, on its own axis. There are 
assumed to be but two possible directions of spin, 180® 
apart, but the moment of momentum of spin is assumed 
to be always the same, namely, exactly one-half unit of 
moment of momentum, i.e., \h/2Tr. Such a conception 
introduces precisely the right amount of energy-difference 
between the pip, circular orbits which is necessary to ac- 
count for their observed spectroscopic frequency separa- 
tion. This effect is ^ply superposed upon the relativ- 
ity effect, thus making the fine structure, even in hydro- 
gen and ionized helium, somewhat more complex fhan 
could be accounted for by the relativity effect alone. 
This newly predicted complexity was soon found by new and 
more refined measurements by Professor Houston^ to fit the 

‘ UUenbeck and Goudsmit, Nature, CXYH (1926), 264. 

“ W. V. Houston, Astrothys. Jour., CXIV (1926), 81. 
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experimental facts mmh letter than did the old theory. 
Further, the introduction as above of half-units of mo- 
ment of momentum due to electron-spin at once cleared 
up difficulties which had appeared in interpreting the 
facts of band spectra, so that the idea of the spinning 
electron has definitely proved itself to be of very great 
usefulness. Whether the very notable results which have 
flowed from its introduction could have been obtained in 
any other way it is still too early to say. 

V. THE NEW SPECTROSCOPIC RULES 
With the aid of this new conception it has now be- 
come possible to make a nearer approach than heretofore 
to presenting a physical interpretation of a group of re- 
markable spectroscopic rules developed, largely empir- 
ically, between 1925 and 1927 by Russell,* Heisenberg,* 
Pauh,* and Himd,< and embracing in an altogether re- 
markable way most of the facts of spectroscopy known up 
to the present. The success with which these empirical 
rules describe the facts of spectroscopy is little less than 
magical. These rules naturally all start with, and grow 
out of, the fundamental assumption underl3dng all quan- 
tiun theory, namely, that all periodic motions must be 
quantized, i.e., that periodic motion itself is unitary in its 
nature. As applied to atomic mechanics this means am- 
ply that all moments of momentum characteristic of the 
periodic motions within the atom are to be assigned char- 
acteristic quantum numbers and are to be allowed to 
change only by unit steps. 

‘ Russdl' aaid Saundeis, ibid., LXI (1925)1 38. 

‘Heisenberg, Zeit.f. Phys., XXXII (1925), 841. 

3 Panli, ibU; XXXI (1925), 765. 

• Hund, ibid., XXXill (1925), 345. 
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In the case of each individual electron there are just 
four sorts of such moments of momentum to consider. 
In other words, there are four elements necessary to the 
complete description of an electron’s motion within the 
atom, namely (i) the size of its orbit, (2) the shape of its 
orbit, (3) the orientation of its orbit in space, and (4) the 
orientation, or direction, of its spin. 

1. The total integral of the moment of momentum 
(quantity of action, see i, p. 271) of an electronic orbit is 
characterized by its total quantum number n introduced 
by Bohr. This fixes the size (or major axis) of the orbit. 

2. The azimuthal quantmn number which, with a 
given n or major axis, fixes the shape ( mino r axis) of the 
orbit has heretofore been characterized by the quantum 
number For some reason, perhaps not yet fully under- 
stood, but doubtless of profound physical signifiranre (see 
below) in order to make the new spectroscopic rules fit 
the eq)erimental facts it is found necessary to reduce by 
unity all values of k heretofore assigned. Since, however, 
we are not yet ready to discard entirely for the old pur- 
poses the old interpretations, this reduced value of It is for 
convenience denoted by a new symboU, so that merely by 
definition l=k-i. Thus for an s orbit f =0, for a p orbit 
Z=i, for a d orbit 1=2, etc. 

3. The projection of the orbital moment of momen- 
tum ^ upon any fixed direction of reference, which, in the 
consideration of the Zeeman effect,’ is the direction of the 
applied external magnetic field, is quantized and desig- 
nated by the symbol nti. This projection obviously fixes 
the orientation of the orbit'in space. The ph3rsical signifi- 
cance of the fact that this projection is quantized is that 
only certain definite orientations of this orbit are posable 
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(such spacial quantization is directly proved by the so- 
called Stem and Gerlach experiments). 

4. The projection of the moment of momentum of 
spin upon the fixed direction of reference is designated 
by the symbol 1%.. As stated above, there are supposed 
to be in each atom but two posable directions of spin, 
180° apart; so that ntr of course determines in which of 
these two directions a given electron is spinning. The 
quantities mi and nir are usually called magnetic quan- 
tum numbers merely because of their use in connection 
with magnetic fields. 

Now one of the new and very illuminating spectro- 
sopic rules known as the Pauli exclusion rule states that 
in a given atom no two electrons may be alike in all four 
of the above elements; in other words, two electrons can- 
not occupy one and the same electrordc position within 
an atom. 

This rule carries with it at once a whole group of con- 
clusions which have been reached by piecing together 
evidence from many quarters. Thus it requires that the 
K shell of all atoms possess two electrons and no more; 
for since in this shell »=i and 1=6 and hence »»i=o it 
follows from the rule that in the fourth element of their 
motion, namely, the spin, the electrons must be different; 
and also that not more than two can exist without having 
two alike in all four elements, and hence violating Pauli’s 
rule. 

Similarly, and for precisely the same reasons, there 
can be but two electrons in 5 orbits in a shell of any total 
quantum number whatever, and this in turn requires that 
t^ie ei^t electrons of the L ^eU shall be found two in s 
orbits and six in ^ orbits — a relation discovered by 
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Stoner' and Main-Smith* in England in 1924 by putting 
together evidence from a variety of sources. This rela- 
tion underlies the whole of Table XIV, page 227. 

Further, because of the opposite directions of spin of 
the two electrons of a X shell their joint or resultant mo- 
ment of momentum and also their total magnetic moment 
must be zero, which in turn requires that helium be dia- 
magnetic as it is found in common with all the noble gases 
actually to be. 

Pauli’s rule also requires that every closed shell, in- 
deed every completely S3Tnmetrical electronic configura- 
tion, have a zero value of its resultant moment of mo- 
mentum, and also of its magnetic moment. This accords 
with the fact that mercury, and other two-valence atoms, 
in their ground or unexcited states are diamagnetic. 

Since every completed shell has zero moment of mo- 
mentum, it follows at once that the total or resultant 
moment of momentum of an atom having a given elec- 
tronic configuration’ — ^and the number of different values 
that this moment can assume determines, of course, the 
number of terms in the fine structure corresponding to 
that configuration— must be made up of the combined 
moments of momentum of the electrons in the uncom- 
pleted or valence shell. This important relation was 

’ Stoner, Phil. Mag., XLA^HI (1924), 719. 

“Main-Smith, Jour. Soc. Chem. Ini., LXTV (1925), 944. 

5 The word configuration as above used means the definite distribu- 
tion or assignment of the valence electrons to their proper types of orbit, 
e.g., means two electrons in s orbits and three in p orbits. Again 
means that one of the three p electrons, just referred to, has been 
pushed up into a higher state. Since there are a total of 6 ^ orbits, 3 
electrons can be fitted into the 6 orbits in a considerable number of differ- 
«it wayrs and to each way corresponds a characteristic term value.- 
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first perceived by Russell* who also first forraulated the 
new rules for the composition of the total moment of mo- 
mentum of the atom from the foregoing components. 
Thus, when more than one electron is present in the 
valence shell the joint orbital moment of momentum L 
of the whole group is obtained by taking the quantized 
vector sum of the individual moments 1. For example, 
for two electrons in p orbits, for each of which /=i, the 
quantized vector sum is o, i, or 2. The physical signifi- 
cance of the fact that the vector sum of the h is quantized 
to obtain L is that the electrons are able to rotate only in 
orbits of such orientations about the nucleus that this 
vector sum is a whole number of units of moment of mo- 
mentum. 

The next step is to obtain the joint moment of mo- 
mentum R of the spins of the individual electrons. Since 
these spins are assumed to be in the same plane and each 
of amount r=\, the quantized vector sum is here amply 
the algebraic sum, i.e., in this case R=|— ^=0 or 

Finally, to obtain4;he total moment of momentum of 
the whole atom we take the quantized vector sum of the 
total orbital moment L and the total spin moment R. 
This is precisely the quantity which was originally called 
by Sommerfeld the inner quantum number and desig- 
nated by the letter J. Thus for the values i= 2, R= i 
the quantized vector sum is i, 2, or 3. 

The fundamental quantum condition is now that all 
posable values of J constitute a series of which the suc- 
cessive steps differ by unity. If the value of R is an odd 
number of half-units, i.e., if there is an odd number of 

‘Russell and Saunders, Astrophys. Jour., LXI (1925), 38. 
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ginning electrons, then all the values of J are obviously 
half-integral (|, f, etc.) while if the value of R is in- 
tegral, then all the values of J are likewise integral. The 
number of possible values of J obtained from a given pair 
of values of R and L gives the multiplicity, i.e., the num- 
ber, of terms in the fine structure. The maximum of the 
multiplicity is actually 2J?-bi. 

The notation now in general use in the formulation of 
the new rules is as follows. When the value of L built up 
as above from the vectorial summation of the fe of the in- 
dividual orbits is o, the term is by definition an S term. 
When L—t the term is by definition a P term; when 
L=2 it is a term; when £=3 it is an F term, etc. 

The foregoing quantization rules predict a much larger 
number of terms than axe actually obtained from a given 
configuration, but Pauli’s exclusion rule succeeds in re- 
ducing the number of terms to those actually observed. 

The new rules thus briefly outlined have had such al- 
together extraordinary success in predicting the character 
of the spectra emitted, not only by the simpler atoms, 
such as those which have been the subject of the studies of 
Dr. Bowen and myself, but by atoms like iron and titani- 
um, thousands of whose lines have already been identi- 
fied, that it seems as though we now have within our 
grasp the means of predicting the precise sorts of radia- 
tions which can be emitted by all the possible excited 
states into which any atom can be thrown. Indeed, the 
predictions even of complicated spectra have recently 
been so successfully made that one prominent spectro- 
scopist has lately remarked that “the heroic age of spec- 
troscopy is already past.” 

Nevertheless, these.rules are still to a considerable ex- 
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lent empirical — a remarkable -witness to the ingenuity of 
the physicist in picking out rides of behavior, and extra- 
polating from these rules from observed to unobserved 
phenomena. They are, however, little more than rides. 
They do not yet represent a completely lo^cal and con- 
sistent scheme of interpretation, and they are only vague- 
ly and very imperfectly translatable into phy-sical pic- 
tures -visualizable in terms of physical relationships. 
Thus, after the extraordinary and manifold successes de- 
tailed above which followed upon Sommerfeld’s introduc- 
tion of the idea of elliptical orbits — an idea definitely re- 
quiring that one unit of azimuthal moment of momentum 
be assigned to s orbits, two to p orbits, etc. — it is some- 
what disconcerting to find that to fit the new q)ectro- 
scopic rules ^ electrons can have no orbital momentum at 
aU (/ = o) . This looks like a very fundamental contradic- 
tion and seems to spoil a whole group of interpretations 
which were thought to be quite definitely established. It 
is, however, just such contradictions which point the way 
to the next advance, as was so beautifully sho-wn in the 
foregoing lustory of the development of the idea of the 
spi nning electron. Furthermore, this advance is perhaps 
already dimly in sight, for the new wave mechanics actu- 
ally does require that the s state (orbit) always represent 
a pure radial pulsation, centrally symmetric, and without 
any axial structure, and hence without any angular mo- 
mentum. The whole moment of momenUim of electrons in 
the s state wovld then inhere in the spin. This means that 
we have overdone somewhat shape of orbit in all the fore- 
going attempts at phyacal interpretation. Thus, for ex- 
ample, on page 272, we discarded k—o »=i as a possible 
case because it represented a linear oscillation or pulsa- 
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tion of the electron along a line containing the nucleus. 
The introduction of Heisenberg’s principle of uncertainty, 
which means that while retaining as a first approximation 
the orbit conceptions of Bohr we can never specify the 
precise position of an electron in a particular orbit, 
makes it now possible to reintroduce this linear case 
k—on—i, which is precisely what we did in making h=o 
for the s orbit through the convention l={k—i). This 
change also makes it possible to retain all that is essential 
in the interpenetration ideas of Bohr. In any case the 
foregoing series of possible values of moment of momen- 
tum of the electron must be retained and the introduction 
of the idea of the spinning electron has helped greatly in 
the attempt toward physical visualization of how these 
various moment of momenta come in. But just what in- 
fluence this new group of ideas is to have upon the whole 
group of orbital conceptions developed in the early por- 
tion of this review is still somewhat uncertain. 

The last twenty years of the history of spectroscopy, 
however, constitutes a remarkable illustration, first, of 
the rapidity of our modem rate of advance — a whole huge 
domain, a veritable dark continent — Shaving been ex- 
plored and reduced to order and civilization in a period of 
about twenty years; and, second, of the power of the 
physidst’s two tools, analysis and experiment, when used 
properly together, for forcing open nature’s most tightly 
barred and bolted doors and wresting her most jealously 
guarded secrets from her for the enrichment of the life of 
future generations. For every bit of added knowledge of 
nature adds so much to our control over her, that is, to 
our ability to turn her hidden forces to useful ends. 
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THE DISCOVERY OF THE COSMIC RAYS 

I. THE DISCOVERY OE THE COSMIC RAYS 

The term “cosmic rays” is but twenty years old, an 4 
the branch of physics with which it deals first began to be 
opened up about 1910. It came about as follows: It 
will be remembered that X-ra3rs were discovered in 1895, 
and that the characteristic that distinguished them from 
all “radiations” theretofore known was their very much 
greater penetrating power. Indeed, it was their ability 
to penetrate the flesh of the hand and leave shadow pic- 
tures of the bones upon photographic plates that first 
called their existence to the attention of Professor Roent- 
gen* in Wurzburg, Germany. It wm Becquerel’s search 
in Paris for other sources of such rays that led him to the 
discovery of the radioactivity of uranium in 1 896. These 
rays were in their turn soon found to be very much more 
penetrating than were the X-rays, and after the separa- 
tion from uranium of radium and its concentration by 
Mme Curie in 1898 careful studies of these penetrating 
powers began to be made. 

It was 1902 when Rutherford and Soddy* succeeded m 
separating these rays into three groups, which they 
named a, jS, and 7 rays, the first two of which were fovmd 
to be deflectable by a magnetic field and therefore to con- 

* koentgen, Wied. Ann,, LXIV (1896), i. 

* Rutherford and Soddy, PkU. Ma^., IV (1902), 370, 569, and V 
(i903)» 576. 
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sist of electrically charged particles, while the last of the 
three were not so deflectable and therefore were in this 
req)ect like light. The /3 rays (electrons) were a hundred 
times more penetrating than the a rays (helium nuclei), 
and the y rays a hundred times more penetrating than 
the rays. Indeed, the y rays were found so penetrating 
as to be detectable through as much as two inches of lead. 
That these radioactive materials, giving off radiations of 
just such great penetrating powers, were present in min- 
ute amounts in all kinds of rocks and soils was indicated 
(later definitely proved) when it was shown in 1903 both 
by Rutherford and Cook* and McLennan and Burton* 
that the ordinary rate of discharge of an electroscope 
could be somewhat reduced by surrounding it with lead 
shields an inch or so thick, for these were experiments ex- 
actly like those that had already been performed with 
concentrated samples of radium, uranium, and thorium. 

Up to 1910 not a trace of evidence had appeared for 
the existence of anyTays of a penetrating power greater 
than that of the y rays of raditun. Indeed, all the work 
that had been done prior to 1910, even on rays capable of 
discharging electroscopes through metal walls centimeters 
or even inches thick, was interpreted in terms of such 
earth rays, or of the radiations given off by the radioac- 
tive emanations getting from the earth into the lower at- 
mosphere, and these are, in fact, responsible for much the 
greater part of the observed electroscope-dis char ging ef- 
fects found on the earth’s surface. Also, prior to 1910, 
not a trace of evidence had appeared that penetrating 
ra3rs entered the earth from outside. Such a hypothesis 

• Rutheifoid and Cook, Phys. Rev., XVI (1903), 183. 

> McLennon and Burton, ibid., p. 184 
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had not even been seriously proposed. Apart from a 
passing suggestion of Richardson’s* in 1906 that electro- 
scope-discharge effects observed at the earth’s surface 
might possibly have something to do with solar influences 
— ^a suggestion quickly negatived by the fact that these 
effects are as strong in night time as in daytime — can 
find no record of the existence anywhere up to 1910 of 
any ideas even remotely related to those that are now 
associated with the term “cosmic rays.” Indeed, in 1909 
all the work that had appeared in this field up to that 
date was reviewed by Kurz* and careful consideration 
given to each one of the only three possible origins of the 
observed electroscope-discharging effects, namely (i) the 
earth, (2) the atmosphere, and (3) the regions beyond the 
atmosphere. The last two were definitely discarded and 
the concluaon drawn that there was not the slightest 
evidence for the existence of any penetrating rays other 
than those produced by radioactive substances in the 
earth — this with full knowledge, too, dwelt upon at length 
in this article, that half a mile of the earth’s atmosphere 
was sufficient to absorb all such radioactive radiations. 

When, therefore, in 1910, the Swiss Gockel® took an 
electroscope three different times in a balloon to heights 
that reached 4,500 meters and found that its rate of dis- 
charge was there even higher than on the earth, he had dis- 
covered something new and important, namely, that al- 
though there are penetrating rays that do originate in the 
earth and are indeed abundantly given off from practical- 
ly all kinds of rocks and soils in the earth’s crust, as Kurz 

' 0 . W. Richardson, Naiure, LXXJil (1906), 607; LXXIV (1906), SS- 

« K. Kurz, Pkys. Zeit., X (1909), 834. 

J Gockel, ihid., XI (1910), 280; also XH (1911), 597 - 
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and the other workers prior to 1910 had rightly concluded, 
yet there must be other rays abundant at high altitudes that 
come in from above originating either (2) in the remoter re- 
gions of the atmosphere or else (3) coming in from outer 
space. Which one of these two possibilities corresponds 
to the correct origin it took a great deal of work by Hess, 
Kohihorster, v. Schweidler, Bowen, Otis, Cameron, my- 
self, and others, from 1910 to 1925 definitely to deter- 
mine.* 

The point of real significance in Gockel’s experiments 
is simply the fact that the readings certainly did not fall 
at all to zero at altitudes above 1,000 meters, as they were 
obliged to do, as shown repeatedly before 1910, if the 
earth were the source of the observed effects. Instead of 
this, Gockel’s esperiments showed, to quote Hess’s words, 
“a slight increase with altitude,” thus definitely disprov- 
ing the hypothesis generally favored up to this time and 
forcing a choice of one or the other of the h3q)0theses 
(No. 2 or No. 3) rejected by Kurz. 

The next year, 1911, Hess, after repeating and check- 
ing Gockel’s experiments, extending them to 5,200 meters, 
and making them more quantitative, spoke in favor of a 
return to Kurz’ hypothesis No. 3, although at the same 
time suggesting the possibility of No. 2. He also pointed 
out the important fact that these discharging effects were 
aH)arently as strong in night time as in daytime. In 
1913 and 1914 Kolhorster carried observations essentially 
like those of Gockel and Hess to 9,000 meters, and in in- 
terpreting his observed twelve- or thirteen-fold increase in 
discharge rate at that height over that at sea level, fa- 

* Millikan, “Histoij' of Research on Cosmic Rays,” Nature, CXXVI 
(July 5, 1930), 14. 
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voted h3rpothesis No. 3. But, as late as 1924, Wigand* in 
a comprdiensive and admirable review summarizes the 
situation as it existed at that date as follows: ‘‘The hy- 
potheses as to the origin of the penetrating high altitude 
rays look upon these sources as either outside the earth, 
i.e., in the cosmos, or else in the higher layers of the at- 
mosphere (Hess, 28, 33, V. Schweidler, Seeliger). From 
the many evidences for and against it is not possible as 
yet to recognize a clear picture and one must, for the 
present, reckon with several possibilities.” 

On account of the World War there were no observa- 
tions significant for this history from 1914 to 1922 when, 
in March and April of the latter year, Bowen and I made 
from Kelly Field, San Antonio, Texas, the first ascent into 
the stratosphere* (15,500 meters or 50,000 feet) with self- 
registering electroscopes, barometers, and thermometers, 
carried up in sounding balloons. Figure 49 shows the 
first type of electroscope to ascend so high. It weighed 
with all its recording and driving mechanisms about 7 
ounces. It was gone three hours, and twenty minutes 
and landed near Houston, a hundred miles from its start- 
ing point. Our object in making this high flight was to 
obtain what we hoped would be crucial evidence to differ- 
entiate between hypotheses No. 2 and No. 3. For, we. 
argued, that if the rays originated outade the atmosphere 
we should expect an exponential increase in ionization, 
i.e., a geometrical progression of discharge rate, clear to 
the top of the atmosphere [our instruments went .89 of 

X Wigand, Fhys. Zeit., XXV (1934), 193. 

a Millikan, Carnegie Inst, of Wash. Year Book No. 21, 1922, pp. 385 - 
86; also Millikan and Bowen, Phys. See., XXII (1923). 198, and XXVH 
(1926), 3S3. 
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the way to the top] with about the absorption coefficient 
which had been computed from Kolhorster’s highest 



Fig. 49. — ^The first stratosphere flight with instruments for recording 
cosmic rays was made from Kelly Field, San Antonio, Texas, in April, 
1922. The electrometer with the recording mechanism for giving a 
continuous record of temperature, pressure, and cosmic-ray intensity 
weighed 7 oz. It was carried up to 15.5 Km. (50,000 ft.) by two balloons 
filled with hydrogen to a diameter of 4 feet and brought back to earth 
with a good record after hours by the balloon that did not burst. 
Skylight falling through the o.ooi-inch slit at the right casts shadows 
(diffraction images) of fibres on the photographic film placed just behind 
a horizontal slit in the recording attachment to the left. 

flight (to 9,000 meters), namely, =0.55 per meter of 
water. Since our electroscope came down with a total 
disdiarge very considerably less than thatbomputed from 




DISCOVERY OF THE COSMIC RAYS 307 

this coefficient, .we concluded that the apparent absorption 
coefficient went through a maximum before reaching the top, 
a behavior at least consistent with hypothesis No. 2, so 
that these esperiments left us stiU in doubt about the 
place of origin of the rays. 

The difficulty was that up to this time no one had 
measured directly the penetrating power of these rays, 
but only the way their intenaty varied with altitude. 
But very soft rays suitably distributed in ojiigin in the at- 
mosphere might show any desired distribution of inten- 
sity with height, while rays of external origin in order to 
be felt near the earth’s surface would have to have a 
penetrating power sufficient to go through 10 meters of 
water — the equivalent in absorbing power of the atmos- 
phere — ^while the rays from any known radioactive sub- 
stances could not possibly penetrate more than, say, 2 
meters of water. So Otis, Cameron, and I, in the fall of 
1922, set at the problem of directly measuring the pene- 
trating power of the rays in question, and by the summer 
of 1925 had succeeded, through sinking our electroscopes 
meter by meter (down to 15 meters) in the high-altitude, 
snow-fed Muir Lake (11,800 feet) near Mt. Whitney, 
California, in proving that there were here rays coming in 
exdusively from above of at least 18 times the penetrating 
power of the hardest known gamma rays, a penetrating 
power amply sufficient to get through the atmosphere 
several times over. 

We also proved by next sinking the same electroscopes 
in Arrowhead Lake, California (5)ioo feet) and finding 
that each of the readings in this lower lake was identical 
with a reading in the upper lake 6 feet farther down (the 
6 feet being just the water-equivalent of the amount of 
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atmosphere between the levels of the two, lakes), that the 
atmosphere between these two levels acted simply as an ab- 
sorbing blanket and contributed not a bit to the intensity of 
radiatioh found at the lower levd. 

These two experiments seemed to us to settle the ques- 
tion that 'the rays were of cosmic origin, for the first 
showed that they had ample penetrating power to come 
from outside, and the second showed that the sources 
were not distributed throughout the atmosphere. Fur- 
ther, we could not conceive of any type of events, of the 
energies here involved, taking place in our atmosphere 
which would be entirely absent from the sun’s atmosphere, 
as we could definitely prove the sources of these rays to 
be (see Section n of this chapter). Therefore-, late in 
1925, we wrote the first article in which we called these 
rays ’“cosmic rays.”* In the matter of absorption co- 
efficient in 1923 Kolhorster^ too had gone at the problem 
of tr^g to measure directly the penetrating power of the 
rays in question. To do this he took readings, first on top 
of a glacier in the Alps and second in a crevasse in the 
glacier where if local rays from the surrounding moun- 
tains and from glacial dirt were assumed to be absent all 
the ionmng rays had to pass through a known thickness 
of ice. He thus obtained an absorption coefficient of the 
same order of magnitude as that which we found in 1925. 
He obtained results of this order of magnitude too in shal- 
low bodies of wata:, and drew the conclusion that he had 
at least “established the existence of a hard gamma ray 
having an absorption coefficient about tV that of the 

•Pfw. Nat. Acad. 5 «., XH (1926), 48-53; Phys. Rev., XXVHI 
{19^. 851. 

»Zolli6rster, 5 ite. B». Preuss. Akad. Wise., XXXIV (1923), 366. 



DISCOVERY OF THE COSMIC RAYS 


s3P9 


hardest kaown gamma ray/^ However, at the Volta 
Centenary held at Lake Como, as late as 1927 one of 
the most distinguished of living physicists, Rutherford, 
still stated a behef in an upper atmospheric origin of these 
radiations, so that up to that time neither our work nor 
Kolhorster’s had carried complete conviction. 

Today, however, I think the cosmic origin has been 
practically universally conceded and with that concession 
it.follows from the measurements of intensities which we 
carried very close to the top of the atmosphere in 1922 
and carried up to still higher altitudes in 1932^ and 1933,® 
as did also Regener, Piccard and some others (see below), 
that the .total cosmic-ray energy falling into the earth is 
approximately one-half of the total energy coming in in 
the form of radiant heat and light from the stars. We 
get this total of the inflowing cosmic-ray energy simply 
by counting the total number of ions produced and multi- 
plying this by the known mean energy required to ionize 
aii:,.viz., 32 electron-volts. Again, since the energy per 
cubic centiineter in the form of heat and light inside our 
galaxy must be much greater than it is in intergalactic 
space, while the cosmic-ray energy is just as dense out- 
side as inside (for Cameron and I foxmd the cosmic rays 
quite as intense when the Milky Way was out of sight as 
when it was overhead), it follows that there is in the uni- 
verse much more energy in the form of cosmic rays than in 
the form of heat a^id light. From the CLstonomical estimates 
of the distribution of the nebulae we conclude that the total 
radiant energy in the universe existing in the form of cosmic 
rays is from jo to joo times greater than that existing in all 
other forms of radiant energy ^ combined. 

* Bowen and Millikan,. Bhys. Rev., XLIII (1933), 695. 

* Bowen, Millikan, and Neher, ibid., XLVl (1934), 641. 
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n. EVIDENCE AS TO THE PLACE OF ORIGIN OP THE 
COSMIC RAYS 

In the last paragraph I have touched upon the most 
amazing property of the cosmic ra}^, namely, the uni- 
formity of their distribution over the celestial dome. In spite 
of an enormous amount of esperimenting by Hoffmann, 
Steinke, Corlin, Lindholm, Hess, and many other* ob- 
servers, no one has yet brought to light any certain, direct 
influence of the sun on the intensity of the cosmic rays. 
Within the limits of my own observational imcertainty 
they are just as strong at night time as in daytime. In 
my own careful tests upon this point,* covering years of 
time, I found small daily changes amoimting to i or 2 
per cent, as did other observers, but the phases of these 
changes did not coincide with the times of appearance 
and disappearance of the sun, nor with the time of its 
passage across the meridian where any influences from it 
must encoimter the minimum of atmospheric absorption, 
so that any direct solar influence shoxild show symmetri- 
cal variations about the noon hour, which they did not do. 
All the very small observed variations appear to me con- 
astent with the view that they are due to daily convective 
changes in the thickness of the atmospheric blanket 
through which the rays must pass to reach the earth’s sur- 
face, and, despite much controversy, I think this view is 
now quite generally accepted. The exceedingly careful 
and exact measurements of Hoffman,® in Halle, are quite 
convincing on this point. Nevertheless, if the cosmic 

* See review by Axel Corlin, Dissertation. Lund, Sweden, 1934; also 
Summary by Hoffmann, Phys. Zeit., XNYTTT (1923), 633. 

* Phys. Res., XXXIX (1932), 39r. 

iHofbnan, Ze&.f. Physik, XLDC (1931), 704. 
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rays are shooting uniformly in all directions throu^ 
space, secondaries released in ike sun’s atmosphere might 
produce slightly greater day-time than night-time effects Such 
as Hess finds (1934). This effect, if it exists, is well 
masked by the other causes of fluctuations, and has no 
bearing anyway on the following conclu^ons. 

The processes that give rise to these rays do not then 
take place in appreciable amount in the earth’s crust, 
else the rays would not all come in from above, as the 
measurement of intensities by Cameron and M illik an, 
clear down to within a few feet of the bottom of lakes, 
hundreds of feet deep, definitely proved them to do. 
The equality of day-time and night-time effects shows 
equally definitely that these rays do not come to us in 
appreciable amount from the sun, and the entire lack of 
effect of the presence overhead of the Milky Way — a 
point which in 1926 we tested' carefully in South Ameri- 
ca, where we could get entirely out of sight of any portion 
of the Milky Way for several hours at a time — shows 
convincingly that these rajre do not come from any of the 
stars of our galaxy. Positively stated, these experiments 
seem to show altogether definitely that these rays come 
from beyond the Milky Way. If, agmn, they originate in 
any kind of atomic or nuclear transformations, the nor- 
mal conditions existing in the earth, the sun, and the 
stars are apparently unfavorable for these transforma- 
tions. In a word, the portions of the universe in which 
the great bulk of the matter of the universe is concentrat- 
ed are certainly not the portions in which the cosmic rays 
originate. 

If, then, these rays are being formed now anjrwhere, 

> Milliban and Cameron, Phys, Rev., XXXI (1928), 169. 
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we must conclude that the conditions of temperature and 
pressure existing wherever matter is largely concentrated 
are unfavorable to such formation, and we seem to be. 
forced, then, to seek their origin in the conditions of ex- 
ceedingly low densities, temperatures, and pressures ex- 
isting in interstellar space if we would account for the uni- 
formity, by night and by day, of their distribution over 
the celestial dome. This posability is a most stimulating 
one, for it would mean that there is some heretofore rm- 
dreamed-of kind of activity taking place, more or less 
uniformly, throughout the depths of space — ^an activity 
which manifests itself in continuously raining enormously 
energetic bullets of some kind (photons, electrons, or 
both) from all directions upon the heads of us mortals 
who live on the surface of the earth. 

nL HYPOTHESES AS TO THE MODE OP ORIGIN OP 
THE COSMIC RAYS 

The only kind of activity that I had been able to think 
of that could furnish bullets of the requisite energy to ac- 
cormt at least for the least penetrating, and by far the 
most powerfully ionizing part of the cosmic rays, was the 
occasional sudden building up, out in the depths of space, 
of one or another of the heavier elements out of the hy- 
drogen nuclei from which our atomic weight table tells us 
that all the heavier atoms have at some tijnft or other ac- 
tually be^ built up. This atom-building hypothesis will 
presently be shown to be a special case of the so-called 
mass-annihilaUon hypothesis as to the origin of the cos- 
mic rays. The only other source than matter-annihila- 
tion that has been suggested for these observed cosmic- 
ray bullets is a cosmic electric held, essentially symmetri- 
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cal with respect to the earth, and of such strength and 
sign as to drive electrons or ions continually into the 
earth with energies which must rise as high as the highest 
energies observed in the cosmic rays, namely, several 
billions (I use a billion as a thousand million) of electron- 
volts. The difficulties with a hypothesis of this latter 
kind are so great that I have, for the present, discarded 
it altogether as completely untenable.* 

But in any case, so far as we can now see, one has 
only these two alternatives between which to choose as to 
the origin of the observed energies, namely, cosmical 
electric fields, S3rmmetric with respect to the earth and 
rising to the values indicated, or else some kind of atomic 
transformation which is capable of releasing the ob- 
served energies. These latter must be one or the other 
of two types of processes, namely, atom-bmlding proc- 
esses or atom-annihilating processes, or both, and these 
are, in their most fundamental a^ect, not essentially 
different, for in accordance with Einstein’s equation, 
E=mc*, every process which releases radiant energy of 
any kind must be accompanied by a corresponding de- 
crease in the mass of the radiating system, i.e., it must 
correspond to the transformation of mass into radiant 
energy. As a matter of fact, the mass of every known 
atom is less than the sum of the masses of the hydrogen 
nuclei which, at some time, have come together to form it, 
so that, as stated above, atom-building processes represent 
merdy a partial stage in the atom^annikilating process. 

From the measured masses of the various atoms it is 
possible to compute the energy released if an atom of heli- 
um is formed by the sudden union of four atoms of hydro- 
• Bowen, Millikan, and Ndier, Phys. Res., XLVI (1934)1 641 
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gen. It comes out 28 million electron-volts; that re- 
leased by the sudden formation of an oxygen atom out of 
16 hydrogen atoms comes out 116 million electron-volts; 
that released in the formation of silicon out of 28 atoms of 
hydrogen is 216 million volts, of iron out of 56 atoms of 
hydrogen 460 million volts, and of manium, the heaviest 
known atom, about 1,800 million volts. On the other 
hand, complete sudden annihilation of an atom of hydro- 
gen would yield about 1,000 million electron-volts, of 
helium 4,000 million, of lithium 7,000 million, of carbon 
12,000 miliion, of oxygen 16,000 million, etc. 

We shall see later that some of the cosmic rays meas- 
ured at sea-level have energies within the above ranges 
corresponding to the sudden building-up of the common 
elements, oxygen, silicon, iron, possibly also helium, 
out of hydrogen. It is interesting to observe in this con- 
nection that Henry Norris Russell concludes from his 
astronomical studies that more than 90 per cent of the 
universe is still in the form of hydrogen (chap, xviii). 

However, there are some of the cosmic rays that have 
energies as high as 10 billion of electron-volts, so that 
these fall into the range to be expected from the sudden 
and complete transformation of the whole mass of some 
of the lighter atoms into radiant energy. How these 
atom-building and atom-annihilating acts could both 
be taking place throughout the depths of space we coiild 
only conjecture. My own tentative h3rpothesis was 
that under the exceedingly low temperatures existing in 
interstellar ^ace there are formed aggregates or clusters 
of hydrogen atoms, just as clouds co nsisting of aggregates 
of water molecules are formed at ordinary temperatures 
in our atmosphere. Only at temperatmres near absolute 
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zero, such as exist in interstellar space, coxild such con- 
densation be expected from hydrogen, the lightest of the 
elements. As a matter of fact, the modem astronomer 
thinks he has evidence for the existence of a vast amount 
of cosmic dust of some kind floating about in space. If 
we may assume, then, the existence of vast quantities of 
“hydrogen dust” scattered throughout the universe, it is 
then to be expected that in accord with the postulates of 
the modem quantum theory a time will come sooner or 
later when some such cluster of hydrogen atoms finds it- 
self in just the right condition to jump over the “poten- 
tial wall” that has thus far kept it a loose cluster of 
separate atoms of hydrogen and to damp itself together 
into the nucleus of a helium atom, or perchan<e an oxygen 
atom or oiie of iron. This act, because of wl^at is known 
as the “packing effect,” destroys a part of the mass exist- 
ing when the hydrogen atoms were still in the form of hy- 
drogen, and could release a ray of one of the smaller ener- 
gies listed above. 

But again, we may also assume that in rare instances 
one of these clusters, having got started on the road to 
ruin, instead of stopping at the stage of the partial anni- 
hilation of its mass required to produce say an atom of 
liftlium or of oxygen, completes the catastrophe and trans- 
forms its whole mass into radiant energy. We could thus 
.account for the uniformity of distribution of both the 
hard and the soft components of the cosmic rays. 

A sli ght modification of this hypothecs is suggested by 
Baade and Zwicky,* who instead of letting these duster- 
ing and subsequent partial or complete annihilation proc- 
esses take place imder the influence of the intense cold of 

• Baade and Zwicky, Proc. Nat. Acad. Set., XX (1934)1 ^39. 
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interstellax space, have assumed that the catastrophic 
processes which result in the sudden flashing-up of tem- 
porary stars, called “novae,” may create another type 
of extreme conditions that facilitate these atom-building 
and atom-annihilating processes. If novae are assumed 
to be uniformly distributed throughout space the uni- 
formity of distribution of the cosmic rays would thus be 
accounted for. StiU another h3T>othesis to account for 
uniformity of distribution is to assume that the cosmic 
rays were created in bygone ages, when the universe was 
in a different state from that existing now. All these, 
hotvever, are only variants of the partial or complete 
atom-annihilating hypothesis, for our present kncrwledge of 
the universe reveals no other source of such enormous energies 
as are found in the cosmic rays. 

IV. THE BANDED CHAEACTEE OF THE COSMIC EAYS 

We can gain some rough notion of the relative energies 
of the various components of the cosmic rays from meas- 
uring their relative penetrating powers. The first evi- 
dence that they consist not at all of a single band or 
group of rays of one particular penetrating power, but 
rather of at least two (possibly more) such bands, came as 
a result of the 1925 measurements' on intensities as a 
function of depth beneath the surfaces of Muir and Ar- 
rowhead lakes; for the absorption coeflicient of the rays 
found near the surface of Muir Lake came out 0.30 per 
meter of water, while at a depth of 50 feet it was less than 
half as much, so that it was considered that a definite 
inhomogeneity, or a “spectral” distribution of the cosmic 

‘Millikan and Cameron, Phys. Rev., XXVm (1926), 851; lOnrT^ 
(1938), 533; XXXVn (1930), 335.> 
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rays had been established. More accurate, and more elab- 
orate, studies of this spectral distribution were carried 
out in the summers of 1927, 1928, and 1929, the depth- 
ionization curve being followed accurately down to a 
depth of 70 meters (235 feet) beneath the surface of Gem 
Lake (California), and cosmic rays found at that depth 
had a penetrating power fully ten times that of those 
most abundant at the surface. This meant rays capa- 
ble of penetrating more than 20 feet of lead. Indeed, 
Regener, repeating these under-water experiments* later 
in Europe, found traces of these most penetrating cosmic 
rays at depths as low as 230 meters. When it is remem- 
bered that the most penetrating gamma rays from radio- 
active substances which correspond ta ^ energy of 2.6 
million electron-volts can only penetrate say 2 meters of 
water at most, it wiU be seen that the energies of the niiost 
penetrating band of cosmic rays must be exceedingly high. 
The; most complete study, however, of the relative pene- 
trating powers of the different cosmic-ray bands has cpme 
fronl combining the foregoing under-water results with 
cortesponding high-altitude studies made by sending au- 
tomatic recording electroscopes up to 29,000 feet in air- 
planes and up to 60,000 feet in balloons.* Figure 50 
shows the t3^e of very sensitive high-pressure electroscope 
— $0 atmospheres of argon — ^that we developed for the 
under-water and the airplane measurements. For the air- 
plane .work, however, it was redesigned internally and 
made self-recording (p. 41 2). The four most important con- 
clusions from these studies are: (i) that it is in no way 

* Regener, FAys. Zeif., XXXIV (1933), 306. 

* Bowen and Millikan, F^ys, Fev., XLIII (1933), 695, and Bowen, 
Millikan, and Nek^, idid,, XLJV (1933), 246. 
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possible to build up the curve found in equatorial lati- 
tudes without the assumption of at least three cosmic-ray 
bands of widely different penetrating power, namely, 
about ju =0.5, ju = .07, fx = .015 per meter of water, though 
four bands ju=o.i2, ju = .o3, fi=.oo'j$ will do 

equally well; (2) that though there is no unique solution 
for such an absorption curve and though the smaller co- 



Fig. 50. — The sensitive electroscope, filled with air to a pressure of 450 
lbs., with which the first cosmic-ray intensity curve was obtained in high- 
altitude, snow-fed lakes down to depths of 300 feet. This curve assisted 
greatly in the solution of the problem of the nature of the cosmic rays. 

efl&cients can be adjusted considerably, yet all possible so- 
lutions give absorption bands, or regions, bearing a rather 
dose resemblance to the foregoing solution, the most not- 
able characteristic of which is that the softest component 
possesses a coeffident which is from four to seven tinios 
that of its nearest neighbor; (3) that the softest band, 
namely 11=0.5, is capable of very little adj'ustment; that 
it takes care of the great bulk of the ionization of the at- 
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mosphere above say 14,000 feet; that it, indeed, is re- 
sponsible for more than 90 per cent of the whole ioniza- 
tion found within the atmosphere; (4) that this softest 
component is only six to seven times more penetrating 
than the most penetrating gamma rays, those having an 
energy of 2.6 million electron-volts. This banded char- 
acter of the cosmic rays is at least consistent with the 
atom-building and atom-annihilating theory as to their 
origin. It is, however, to be remembered that the ex- 
perimental fact that one of these bands, for example the 
least penetrating one, throughout a certain range of alti- 
tudes, acts like a homogeneous beam does not necessarily 
mean that it is such. Indeed, it is quite certain that in 
temperate latitudes the shape of the depth-ionization 
curve at high altitudes, from which the coefl&cient of ab- 
sorption of the least penetrating band is determined, is 
due to the joint action of two quite different causes, one 
of which is tending to push down the apparent value of 
ISy the other to raise it. Further facts* bearing upon this 
theory will be presented in chapter xvi. 



CHAPTER XIV 


THE DIRECT MEASUREMENT OF THE ENERGY OF 

COSMIC RAYS AND THE DISCOVERY OF THE 
FREE POSITIVE ELECTRON 

Prior to the night of August 2, r932, the fundamental 
building-stones of the physical world had been universally 
supposed to be simply protons and negative electrons. 
Out of these two primordial entities all of the ninety-two 
elements had been formed. The proton was itself the 
poative unit of charge, or the positive electron, exactly 
like the negative unit so far as charge alone was con- 
cerned, but by its very nature different from the negative 
unit in that it was always associated with a mass 1,837 
times that of the rest-mass of the negative electron. 
Thus, we assumed an intrinsic difference between the na- 
tures of positive md negative electricity, and explained 
the fact that not only was the whole positive charge of an 
atom concentrated in its nucleus, but also practically the 
whole of its mass as well. To lit all this into the electro- 
magnetic theory of the origin of mass, most of us, in view 
of J. J. Thomson’s famous equation for the mass of a 

spherical charge, namely w=|- (Appendix D), conceived 

the positive unit of charge as having a radius only of 

the radius of the negative unit, as this equation seemed to 
require. 

A cosmic-ray photograph taken in the Norman Bridge 
Laboratory on the afternoon of August 2, 1932, put a 
stop to our complacency with the foregoing picture. 

326 
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Carl D. Anderson had taken the photograph and devel- 
oped the film. He at once realized its importance, and, 
with Seth Neddermeyer, spent the whole night trying in 
vain to see if there were not some way of looking at it that 
would save the old point of view. It could not be done! 
The photograph revealed indubitably the track of a/ree 
positive electron having precisely the properties of the free 
negative electron, save for the sign of its charge — ^not at 
all the properties of the proton. The name of the proton 
might still remain, but its character had changed, for it 
was no longer itself the ultimate positive entity. A cos- 
mic ray had apparently picked off from it the disem- 
bodied positive unit of electrical charge, the identical 
twin of the free negative electron. The way this dis- 
covery came about is as follows. 

I. THE DIRECT MEASUREMENT OE THE ENERGIES 
INVOLVED IN COSMIC RAYS 

Up to the year 1931 no particle energies higher than 15 
million electron-volts had been measured. From the 
enormous penetrating power of the cosmic rays, as well 
as from the known energies freed in the building of the 
common elements out of hydrogen, I had estimated as 
early as 1928* that the most penetrating of the observed 
cosmic rays had an energy of as much as 500 million elec- 
tron-volts, and even if these came to the earth as photons 
they would be expected to release electrons of about this 
same energy from the atoms of the atmoq)here. It was 
therefore of the utmost importance to find some way of 
directly measuring electron energies of this order of magni- 
tude, ance the estimates of energies made in other ways 

I Millikan and Camapn, Phys. Ren., XXXH (1928), 533. 
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were most uncertain. In the summer of 1929, therefore, 
Dr. Carl D. Anderson and I went at the design of a vertical 
Wilson cloud chamber— the first of this type— set in the 
midst of an exceedingly powerful and widely extended 
horizontal magnetic field. 



Fig. sia , — ^The photograph of the huge electromagnet with which the 
measurement of charged-particle energies has been pushed up from about 
1$ million electron-volts, the limit up to 1930, to about 6,000 million 
electron-volts. Cosmic-ray particles of this energy have actually been 
found. 

Figure 51a shows a photograph of the resulting cos- 
mic-ray energy-measuring device, and Figure 51 J a sche- 
matic diagram of it. Two thousand amperes of current 
from a thousand-horse-power motor-generator create a 
24,000 gauss field of nearly uniform strength over a space 
measuring 17 cm.Xi7 cm.X4 cm. In this apparatus the 
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electron tracks 15 cm. long permit of tlie measurement of 
their curvatures up to ener^es of as much as 6 biUion 
(10*) electron-volts, so that the highest electron energies 
that are being measured now are 400 times the highest 
energies that were accessible to measurement up to 1931. 



Fig. 516. — Diagram of cosmic-ray magnet shown in 51®. A nearly uni- 
form magnetic held in the cylindrical chamber 17 cm. in diameter, 4 cm. 
thick, is created by a current of 2,000 amperes through the solenoids. 
The magnetic field throughout this large volume is 24,000 gauss. 

To show strikingly how this apparatus is capable of 
differentiating between the effects of gamma rays and 
cosmic rays, two of the first photographs taken in the 
summer of 1931 are shown in Figures 52 and 53. When 
gamma rays from ThC", maximum energy 2.6 noillion 
electron-volts, are pas^g throu^ the expanaon cham- 
ber, the electrons jerked out of the atoms of the gases in 
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the chamber are forced by the powerful field to move in 
spirals about the lines of force, and since the camera is 
looking along these lines the photographs should ideally 
reveal only circles. Since the light from some parts of the 
field comes at a slight angle with the lines of force, the 



Etc. 52. — 12,000 gauss. A test photograph showing tracks in air of 
secondary electrons ejected by gamma rays from radium filtered through 
2.5 cm. of steeL The energies of the electrons range from 2 X 10® electron- 
volts down. 

spiral form of the tracks can actually be seen in Figure 52. 
From the strength of the field, here 12,000 gauss, the cur- 
vature of the path and the known mass of the electron, 
the energy can be at once calculated and it comes out for 
the largest circlo-in Figure 52 about 2 million electron- 
volts, as it should. Figure 53 shows a cosmic-ray track. 
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The curvature shows that the energy with which this elec- 
tron was jerked out of its parent atom was about 8 mil- 
lion electron-volts, more than three times the energy that 
the most penetrating gamma rays from ThC" could 
furnish. 



Fio. 53. — Field strength was 12,000 gauss. Track of an S-millionrvolt 
cosmic-ray electron which makes over complete revolutions in the 
chamber. 

But the next photographs, Figures -54 and 55, show 
not only much higher energies but something much more, 
important, namely, that the incoming cosmic rays have 
here encounter ei the nucleus of an atom, and as a result of 
that encounter throvm out from that impact loth a positive 
and a negative particle, for no other interpretation of the 
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opposite curvatures of the two tracks was possible. 
Since positives could not possibly come from extra- 
nuclear encounters, this was direct, imambiguous proof 



Fig. 54. — 17,000 gauss. A pair of associated tracks; at the left an 
electron of 120 million volts energy, at the right apparently a proton of 
130 million volts energy. Since protons and free electrons for a given 
velocity have equal specific ionization, then from the measurements of 
Williams and Terroux {Proc, Roy. Soc., CXXVI [r929-3o], 300) on the 
ionization by ^ particles a 130-imllion-volt proton is expected to ionize 
about 3 times as heavily as the electron. It appears to be doing so. 

first, that the nucleus plays an important r 61 e in cosmic- 
ray absorption, and, second, that both positive and nega- 
tive particles can fly out from a nucleus when it is hit by 
a cosmic ray. The nearest approach to anything like this 
that had been observed before was foimd in the discovery 
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by Rutherford in 1919 that the impact of alpha particles 
upon the nuclei of most of the li^t atoms could knock 
protons out of them. But cosmic rays were certainly not 
alpha particles, so that here was an entirely new phe- 
nomenon. 



Fig. 5$. — 12,000 gauss. A native electron of 27 million volts energy 
and a positive of about 450 million volts energy. 

I presented these photographs in lectures in both Cam- 
bridge, Englan d, and Paris at the Institute Poincare in 
November, 1931, and interpreted Figure 54 as showing 
that a cosmic ray had knocked out of a nucleus a proton, 
the track curving downward and to the ri^t, and a 
negative electron, the track curving downward and to the 
left. From the curvatures the computed energy of the 
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negative electron was 120 million electron-volts, of the 
proton 130 million, so that the energy of the incoming cos- 
mic ray had to be at least 250 roillion electron-volts. 
This particular photograph was first published on De- 
cember 18, 1931, by Science Service, along with Dr. An- 
derson’s photograph, imder the title “Cosmic Rays Dis- 
rupt Atomic Hearts.” I am giving it some attention in 
this narrative partly because it brought to light the first 
direct proof of the importance of nuclear encounters in the 
interpretation of cosmic-ray phenomena, but also be- 
cause it was this photograph that actually delayed the 
discovery of the free positive electron for at least eight 
months, and that for the following reason. A proton of 
the foregoing energy should ionize the gas much more 
copiously than should a 120-million-volt electron, and 
this is just what the positive particle of Figure 54 appears 
to be doing. Hence, we had no doubt whatever that it 
was a proton. This checked completely with the then 
universal conception of the composition of the nucleus. 

The photograph shown in Figure 55, however, taken 
at about the same time, bothered us very much, and Dr. 
Anderson and I discussed it at great length. The posi- 
tive particle, to the right, has only a little curvature, and 
from this curvature we concluded that it was a proton of 
450 million electron-volts of energy, while the track to the 
left was computed to be an,electron of 27 million electron- 
volts. Now we knew that protons of more than a billion 
(10*) electron-volts of energy would give an ionization 
along its track scarcely distinguishable from the ionization 
produced by a free electron, but at 450 million electron- 
volts the ionization due to a proton diould be from i to 2 
times that due to an electron of 27 million electron-volts. 
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and yet no trace of a difference in ionization between the 
right- and the left-hand tracks of Figure 55 was discernible. 
We saw no way out of this difficulty save in the assump- 
tion that in this enormously high-energy range, in which 
no one had worked before, perhaps there was something 
wrong with the theory of the way the ionuation of pro- 
tons varied with energy. In the lower energy range rep- 
resented by Figure 54 everything seemed all right. Con- 
tenting ourselves temporarily, at least, with the foregoing 
excuses, though we definitely promised ourselves to come 
back to this point when time permitted and find out what 
it was that was wrong, we continued to call the particles 
that produced all our positive tracks “protons,” and it so 
happened that for some eight months we found no poa- 
tives of so large curvature as to make the foregoing ex- 
planation impossible. It is to be remembered that only 
about one-eighth of our tracks were “associated” in the 
sense of showing at least two tracks branching downward 
from a common center,' and these alone were able to be 
unquestionably identified as a positive and a negative. 
Any isolated single track of small ionizing power that 
curved rapidly to the right, and therefore ou^t to be a 
poative going down, might also be considered a negative 
going up, so that a crucial test of the proton hypothesis 
was at this date (fall of 1931) not so easy a matter as it 
might seem, and furthermore the idea that the proton 
was itself the frmdamental unit of positive electridly was 
so deeply rooted that almost any other kind of a hy- 

• Skobelzyn, Zeit. f. Physik, IIV (19*9), 686, had first called atten- 
tion to these branching tracks. He had found no evidence, however, nor 
did he suggest, that >one of them consisted of a positive. Indeed his field 
was too weak to enable him to obtain information on this pdnt, which is 
the point that ties the phenomenon definitely to the nudwis. 
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pothesis to get out of a difficulty would at that time have 
seemed preferable to that of abandoning it. 

n. the discovery oe the free positive 

ELECTRON 

But on August 2 Dr. Anderson took the photograph 
diown in Figure 56. In the middle of the chamber is seen 
a 6 mm. lead plate that had been inserted for the very 
purpose of finding the loss in energy of the charged parti- 
cles in traversing a known thickness of lead. The curva- 
ture below the plate corresponds to an energy of 63 mil- 
lion electron-volts in a body having the rest-mass of the 
electron. The curvature above the plate corresponds to 
an energy of the same body of but 23 million electron- 
volts. Since it was quite impossible that it could have 
gained the difference in these two energies in traversing 
the lead, the direction of motion of the particle had to be 
upward, not downward.* This, with the direction of cur- 
vature in the field of known direction, fixed the sign of the 
charge of the particle as positive. But not only was the 
thinness of the track precisely like that shown by negative 
electrons of this curvature, but its length above the lead 
was at least ten times greater than the possible length of a 
proton path of this curvature. It seemed to Dr. Ander- 
son, therefore, after his aU-night vigfl with it, that the 

* The upward motion of an electron is sometimes due to the effect of the 
magnetic field in reversing its direction. Meed, without a field so few 
seomdary electrons move upward that Dr. Neher and the author found 
no measurable difference in the readings of an electroscope when it was 
^en up in an airplane to an altitude of 15,000 feet, first when resting on a 
light wooden frme, and second when resting on a heavy mass of lead 10 
cm. thick, in ^ite of the fact that lead is known to stimulate very many 
new secondaries. This shows that the great majority of all sec- 
ondaries move downward in the direction of the inmining 
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track ^ply had to be that of a free positive electron. In 
early September I had the pleasure of showing this track 
to Dr. Aston of the Cavendish Laboratory, who was on a 



Fig. 56 . — A d^-ioillioii-volt positron (Hp= 2.1 X los gauss-cm.) passing 
through a 6 mm. lead plate and emerging as a s3-million-volt positron 
(i?p=7.SXio« gauss-cm.). The length of this latter path is at least ten 
times greater tha n the possible length of a proton path of this curvature. 


visit to the Bridge Laboratory, and of assuring him that 
we should withhold publication until we had foimd other 
unambiguous cases. These came very soon, and in 
September* Dr. Anderson published his discovery. 

* Anderson, Science, LXXVI (1932), 238. 
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Even then, however, and for some months thereafter, we 
regarded the appearance of the free positive electron as a 
rare event, and kept on interpreting most of our high- 
energy positive tracks as due to protons. For reasons 
that will appear below, we later came to regard this view 
as entirely erroneous. Indeed, after studying thousands 
of track photographs, the only one among them all that 
we now see no way of interpreting save as the track of a 
proton is the original one shown in Figure 54, so that our 
present conclusion is that if protons, or any other sort of 
nuclei, ever appear in an ion chamber or an electroscope 
as a result of the passage of cosmic rays through the 
chamber, their number is so small as to be inappreciable 
in the tests we have made to discover them. Since' 
among electrons of energies above say 100 million elec^ 
tron-volts as many positive tracks appear as negatives, 
indeed a few more in the highest energy ranges (above 
3 billion volts), it is clear that approximately half of the 
ionization due to cosmic rays of energies above these 
values is due to the passage through the gas of free posi- 
tive electrons or “positrons’" released in cosmic-ray en- 
counters with the nuclei of atoms. 

* To remove the ambiguity in the definition of the term “electron” 
existing at the present time because of the double sense in which it is 
used in the literature, namely, to denote on the one hand — as for example 
in the universally used expression electron-volts — fmgnitude of the 
demeniary quantUy of electric charge^ and on the other hand, the name of a 
partide of a particular mass, the terms “negatron” and “positron” are 
here used. These terms are used merely as convenient contractions for 
the fully descriptive particle designations, “free negative electron” and 
“free positive electron.” The term electron then retains its historical, 
derivative, and logical meaning as the name of the elementary unit of 
charge, and the present ambiguity no longer remains. It is pointed out 
that this suggestion is not at all in conflict with the tradition and usage 
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Between September, 1932, and March, 1933, a large 
number of confirmatory cosmic-ray photographs reveal- 
ing unambiguously the existence of positrons was taken 
and a second report was published by Dr. Anderson' in 
March, 1933, in which fifteen of these photographs were 
discussed. Figure 37 is one of the most filummating of 
these photographs. The track at the left of the central 
group of four tracks is made by an i8-million-volt free 
negative electron (which from symmetry we may now 
contract to negatron* whenever a differentiation in the 
sign of charge is the important consideration, thou^ this 
is not often necessary), while the track at the right is that 
of a positron of an energy of about 20 million volts. This 
whole group represents tracks aU of which are “associated 
in time,”* i.e., represent ionizations necessarily occurring 
at the same instant, since they all have the same amotmt 

of the term electron. Even today probably nine-tenths of the usage has 
reference in the mind of the author to charge rather than to mass, as, 
to take but a single example, in all cases in which the number of electrons 
going to a given electrode is imder consideration. The usage we are sug- 
gesting is merely for the sake of removing the ambiguity, the bad effects 
of which are becoming increasingly felt since the discovery of the ‘ffree 
positive electron,” and since the discussion of nuclear processes has be- 
come more common. In this usage there is no difficulty in speaking of 
electrons as existing in the nucleus, since one has then in mind only the 
number of units of electric charge. 

* Anderson, Phys, Rev., XLm (1933)1 49i- 

* The tracks in Fig. 55 are geometrically associated, i.e., spring from 
a common center, as well as being associated in time. In general geo- 
metrically associated tracks are also necessarily time-associated. For 
with the infrequency with which in the fall of 1931 we got cosmic-ray 
tracks at all — about one in thirty exposures — the chance that two curved 
tracks coming from a corpmon center should have originated in independ- 
ent events is practically niL This is why we felt so sure that the positive 
track in Fig. 54 corresponded to a proton. But during the year 1932 in our 
discussions we adopted the term “associated in time” to .describe the num- 
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of diffuseness. This diffuseness is here due to the fact 
that the expan si on occurred say half a second after the 
passage of the ionizing particles, so that the ions had dif- 



Fig. 57. — group of six particles projected from a region in the wall of 
the chamber. Ihe track at the left of the central group of four tracks is a 
natron of about 18 million volts energy (Hp= 6 . 2 Xio 4 gauss-cm.) and 
that at the right a positron of about 20 million volts energy (Hp = 7.0 X lo^ 
gauss-cm.). Identification of the two tracks in the center is not possible. 
A natron of about 15 million volts is shown at the left. This group rep- 
resents early tracks which were broadened by the diiBEusion of the ions. 
The uniformity of this broadening for all the tracks shows that the parti- 
cles entered the chamber at the same time. 

bers of photographs taken on which appeared tracks, like some of those 
in Fig. 57, which show identity in diffuseness without geometrical associ- 
ation. Later when we got many of these on a given photograph we used 
the term “a photon spray.” The phenomenon is what Blackett and 
Occhialini describe by the term *‘non-iomzing links.” 
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fused away from thdr point of origin before thdr motion 
was stopped by the condensation of water vapor upon 
them. This makes it possible to count accurately imder a 
microscope the number of ions per cm. of path, as well as 
to measure the curvatures. These two elements taken 
together, when applied to a number of such tracks, fixed 
both the charges and the masses of the two electrons as 
the same within lo per cent and 20 per cent, respectively ' 
so that within these limits positrons and negatrons have 
been definitely proved to be “identical twins” with a dif- 
ference only in sign of charge. Thus far they had ap- 
peared only in cosmic-ray photographs taken at the Bridge 
Laboratory. In March, 1933, beautiful confirmatory evi- 
dence for the existence of poritrons resulting from cosmic- 
ray encounters was presented by Blackett and Occhialini’ 
of the Cavendish Laboratory based on similar e:q>eri- 
ments with a vertical cloud chamber in a magnetic field 
of 3,000 gauss and actuated by the responses of Gdger- 
MuUer coimters. 

m. POSITRONS DUE TO GAMMA RAYS 

At once search began for these positive tracks from 
other sources. In April, 1933, Chadwick, Blackett, and 
Occhialini,® Curie and Joliot,* and Meitner and Phfllipp* 
all reported that the bombardment of beryllium by the 
alpha rays of polonium is able to produce radiation that re- 
sults in the production of poatrons, though in none of 
'Ibid., XLIV (1933), 406- 

' Blackett and Occbialini, Proc, Boy Soc. A, CXXXIX (1933), 699. 
lOiadwick, Blackett, and Ocdualinl, Nature, CXXXI (^tril t, 
1933), 473- 

* Curie and Joliot, Comft. Rend., CXCVI (1933), 1105 
5 Meitner and Phillipp, Naturwiss., XXI (1933), a86. 
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these experiments was it possible definitely to identify the 
nature of the radiations producing the positrons. Nev- 
ertheless, Curie and Joliot showed that the yield of posi- 
trons decreased approximately as was to be expected if 
gamma rays resulting from the alpha-ray bombardment 
of the beryllium in their turn produced the positrons. 
The first experiments proAong directly, however, that a 
gamma-ray photon impinging upon a nucleus gives rise to 
positrons were made by Anderson at the Norman Bridge 
-Laboratory, also in April, 1933, using the gamma rays 
from thorium C'', and reported to the National Academy 
of Sciences in Washington* on April 24, 1933. In this 
paper the fact that free electrons of both positive and 
negative sign are produced simultaneously by the impact 
of a single gamma-ray photon, an observation of consid- 
erable theoretical importance, was first presented. Fig- 
ure 58 shows one of many such cases photographed. A 
very narrow beam of photons from Th C", that was foirnd 
experimentally to eject electrons so infrequently that the 
possibility of two such ejections occurring exactly simul- 
taneously was practically nil, comes in from above. 
Out of the 2 mm. lead sheet in the upper part of the cham- 
ber a single photon is then seen to knock, two negatives and 
a positive. The latter is seen to shoot through the thin 
aliuninxim plate 0.5 mm. thick in the middle of the field of 
view, to lose energy in so doing, and to come out below 
with increased curvature. The curvature below the mid- 
dle plate actually corresponds to an energy of 520,000 
volts, while above the middle plate the curvature cor- 
tfesponds to 820,000 volts. 

' Carl D.' Anderson, NcU. Acad. Sci. (meeting April 24, 1933), and 
Science^ LXXVTC (1933), 432. 
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Measurements of the energies of these positives pro- 
duced by the y rays of ThC" have been made by Ander- 
son and Neddermeyer,* Curie and Joliot/ Meitner, and 



Fig. 58. — positron ejected from a lead plate by gamma rays and 
passing through a 0,5 mm. aluminum plate. The energy above the alu- 
minum is 820,000 volts, below 520,000 volts. 

PhlUipp,* and Chadwick, Blackett, and Occhialini.^ An- 
derson and Neddermeyer were the first to make a pro- 
longed statistical study of as many as 2,500 tracks of 
^gle electrons, both positive and negative, and poative- 

' Anderson and Neddennqrer, Pkys. Reti., XLIJI (1933), 1034. 

’ .Curie and Joliot, op. dt., p. 1^81. 

3 iMktner and Hulipp, Naturtdss., XXIV (1933), 468. 

3 Chadwid:, Blackett, and Occhialini, op. cit. 
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negative pairs ejected from plates of lead, aluminum, and 
carbon by y rays from ThC" filtered through 2.5 cm. of 
lead. Their purpose was to determine the frequency of 
occurrence both of pairs and of ^gle positrons along with 
thdr energy-distribution for absorbing materials of differ- 
ent atomic numbers. This ejection of particles was ob- 
served from lead plates of 0.25 mm. thickness, aluminum 
plates of 0.5 mm. thickness, and a graphite plate of 1.4 
cm. thickness. For the measurement of these low ener- 
gies the magnetic field was here adjusted to 825 gauss. 

Both the single positives and the pairs (the sum of the 
ener^es of the positive and the negative components be- 
ing taken) ejected from the lead plate showed a maximum 
energy of 1.6 million electron-volts, though 80 per cent of 
the single positives had an energy of less than half this 
value. Similarly, in the case of the positives and the 
pairs ejected from the plates of aluminum the maximum 
energy was also 1.6 million electron-volts. 

On the other hand, the maximum energy of the sin gle 
negatives was in all cases about 2.6 million electron-volts. 
When it is remembered that the most penetrating and the 
most intense constituent of the gamma radiation incident 
upon the lead and the aluminum from ThC" has an energy 
of but 2.62 million electron-volts, it will be seen that these 
experiments seem to say quite definitely that about a 
million volts more energy is required to get a positive 
electron out of an atom than to eject from it the least 
tightly bound (and of course extra-nuclear) negative elec- 
tron, and that, further, this difference is the same for both 
lead and alu minum . So fax as e^eriments with lead 
alone are concerned, these re^sults have recently been 
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checked even more accurately at the Cavendish Labora- 
tory.' 

This result is of peculiar significance if for no other 
reason than because of how it came to be obtained, which 
was as follows: 

While the discovery of the positive electron and its 
appearance under the impact of both cosmic rays and 
ganriTna rays was made without the guidance of any theo- 
ry whatever, as was also the discovery of the frequent 
ocourrence of positive-negative pairs of tracks, like those 
of Figures 54, 55, and 58, when Blackett and Occhialini 
published in March, 1933, their check of Anderson’s dis- 
covery of the positron they first suggested an interpreta- 
tion of this phenomenon in terms of the so-called Dirac 
theory of the creation of positive-negative electron pairs 
through the impact of photons on the nuclei of atoms. 
Also, when Anderson and Neddermeyer in April, 1933, 
had proved that gamma rays, as well as cosmic rays, eject 
apparently both single positives and poative-negative 
pairs from the nuclei of both lead and aluminum, Oppen- 
heimer and Plesset* at the Norman Bridge Laboratory set 
about working out in detail the consequences of the Dirac 
theory for the absorption of the photons of ThC" by the 
nuclei of atoms. It was also this theory of Dirac’s and 
Blackett and Occhialini’s use of it that first suggested to 
Anderson and Neddermeyer that the maximum energy 
.associated with a positron produced by ThC'’ should be a 
million volts less than the energy of the incident photon, 

' Chadwkk, Blackett, and Occhialini, Froc. Roy. Soc. A., CXLTV 
(1934), 23 S- 

> Oppenhdmer and Plesset, Fhys. Rev., XLIV (1933), 53. 
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Le., that it should be i.6 million electron-volts, as they 
very soon found it in fact to be. 

This milli on volts is obtained from Dirac’s theory and 
Einstein’s relation, as follows: It will be remem- 

bered that the rest-mass of the electron is about one two- 
thousandth that of a hydrogen atom which, as we have 
seen on page 314, chapter xiii, has a mass equivalent to a. 
billion electron-volts, so that the energy equivalent of the 
mass of the electron is roughly a billion divided by two 
thousand, or a half- milli on electron-volts. Hence, to cre- 
ate a positive-negative electron pair would require an ex- 
penditure of a million electron-volts of energy and leave 
of the total 2.6 million volts contained in a quantum of 
ThC", 1.6 million to be divided between the positive and 
negative of the pair in a way which the theory had noth- 
ing to say about. 

To find experimentally this distribution was one of the 
objfects of Anderson and Neddermeyer’s statistical study 
both of the numbers of single negatives, of single positives 
and of pairs, as well as of the energies of each. Out of a 
total of 1,542 electrons ejected from the 0.25 mm. lead 
plate by the 7 rays of ThC" filtered through 2.5 cm. of 
lead, 1,387 were found to be single negatives, 96 single 
positives, and 59 pairs. From an aluminum plate 0.5 
mm. thick and ejected by the same radiation there were, 
out of a total of 943 electron tracks, 916 single negatives, 
20, single positives, and 7 pairs. Of these apparent pairs 
some may not be pairs at all since a negative going up and 
bounding back from a lower surface of the lead plate is 
indistinguishable from a pair. 

The foregoing negatives may be assumed to have aris- 
en in general from Compton and photoel»;^ric encounters 
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with extra-nuclear electrons, and this is why their maxi- 
mum energy reached practically 2.6 million electron-volts. 
But all the single positives and probably most of the pairs 
correspond to nuclear encounters. If we assume that on 
the average an equal number of poatives and negatives 
results from nuclear impacts, we can calculate the ratio 
of the nuclear to the extra-nuclear absorption. This 
amounts to about 20 per cent for lead and 5 per cent for 
al iimim iTn — ^values in reasonably good agreement with 
those obtained by Chao,* Meitner,* and Gray and Tar- 
rant* by entirely different methods. That the nuclear 
absorption in carbon for ThC" rays is still smaller in car- 
bon than in aluminum, as is to be expected from the above 
relations of lead a,nd aluminum, is shown by the fact that 
as compared with 415 negatives knocked out of a carbon 
plate 1.4 cm. thick there appeared only two pairs and six 
single positives. 

On the whole, then, the energy relations of the posi- 
tives and pairs from both the aluminum and the lead ap- 
pear to be quite consistent with the pair-creation hy- 
pothesis, as are also the approximate values of the excess 
absorption in lead and aluminum as calculated by Oppen- 
heimer on this pair-creation assmnption. But the fact 
that all told there are nearly twice as many single poa- 
tives as pairs, and possibly more, and in aluminum and 
carbon at least three times as many, present some diflSicul- 
ties to the pair theory. Further, Anderson has observed 
one case in which two negatives and two positives were all 

I C 3 iao, Proc. Nat. Acad. Sa., XVI (1930), 431, and Pkys. Rev., 
XXXVI (1930), 1S19. 

’ Meitner and Hapfield, Natundss., XIX (1931), 773. 

i Gray and Tarrant, Free. Roy. Soc, A., CXXXVI (193a), 663 
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observed to originate at one point in the lead plate. The 
possibility that this can represent two pairs accidentally 
associated in time and position is so remote that the ex- 
periment may be taken as evidence that photons of energy 
even so low as those of ThC" can occasionally give rise to 
“showers” such as are common with cosmic rays (see 
§ IV below), a phenomenon that according to Oppen- 
heimer cannot as yet be handled satisfactorily by the 
pair-formation theory. (No longer true in 1946.) 

IV. COSMIC-RAY SHOWERS 

Whatever may be the mechanism by which gamma- 
ray photons of from one to three million volts of energy 
produce positive and negative electrons through their 
encoimters with the nuclei of atoms, a study of cosmic-ray 
showers with the aid of our big magnet leaves little doubt 
that a billion-volt photon can cause to emerge one or 
many electrons, both positive and negative, as a result 
of collisions with heavy atoms. 

Some 88 per cent of all the tracks that we obtain when 
expansions and exposures are taken at random are the 
tracks of single electrons of energies varying from say 50 
million to 6,000 million electron-volts. The other 12 per 
cent are showers, a shower being defined as two or more 
associated tracks. Tracks are considered “associated” 
if they are produced by electrons that pass thro ugh the 
chamber at the same time, as indicated by the identity in 
the sharpness or in the diffuseness of the tracks they 
leave. Ihe distribution of these tracks in both aiergy 
and agn of charge has been carefully studied by Ander- 
sotf with the result that between 100 million and 3,000 

* Carl D. Aadeison, Phys. XLIV (1933), 411; also Anderson, 
Millikan, Neddenneyer, and Kckering, HU., XLV (1934), 333. 
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million volt positives and negatives appear in about 
equal numbers for all energies. Of the 12 per cent of as- 
sociated tracks perhaps a tenth ^ow more than five 
trades, but by placing a bar of lead across the middle of 
the expansion chamber the chance of bringing a “many- 
track-shower” into evidence is of course increased. 
Further, an arrangement in which two Geiger-counters 
are placed one just above and one just below the expansion 
chamber, and the circuits so adjusted that the passing of 
an electron through them both produces both the expan- 
aon and the exposure and thus forces the cosmic ray to 
take its own photograph, is one that has a marked selec- 
tive action on showers for a reason that will presently 
appear. 

The photographs shown in Figures 59-64 were taken 
with such automatic Geiger-counter controlled e^an- 
sions and exposures, first used by Blackett and Occhialini. 
As will be seen from these photographs, with their legends, 
a new fact is here strikingly brought to li^t, namely, 
that in the absorption of the cosmic rays (here are pro- 
duced in addition to dectron showers in some instances 
sprays of large numbers of secondary photons of rekttivdy 
low energies. These photons are presumably produced by 
the same mechanism that gives rise to the general X-radi- 
ation when cathode t&ys are shot into a target of some 
dense metal, for in this latter case we t h i nk it is the sud- 
den impact of the cathode-ray electron against the nucle- 
us of a heavy atom that generates the impulse radiation 
(bremsstrahlung) of which the general X-radiation con- 
sists. So here when the powerful incoming cosmic ray 
particle hits a nudeus it creates, first, an X-ray photon. 
This collides with another nudeus and produces an 
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electron pair; these, colliding with still other nuclei, pro- 
duce new photons, which in turn produce new electron 
pairs, etc., until through this cascading process the 



Fig. 59.^17,000 gauss field. An electron pair, positron 75 million 
electron-volts, negatron 290 miUion, ejected presumably from tbe nucleus 
of a lead atom above the upper counter. These electrons in getting 
through or out of the nucleus presumably collided with its mass, and 
produced thereby “bremsstrahlung.” This photon spray shot down- 
ward and its absorption in the gas of the chamber, or the surface layer 
or its wall, produced the four secondaries seen between the electron tracks 
of energies in millions of electron-volts 9, 9, 4, i. 

energy becomes divided between many low-energy pho- 
tons and electrons, as shown in Figure 6i. Figures 59 
and 60 show, in addition to the positive and negative 
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electrons ejected by the incident cosmic ray, low-energy 
circular tracks, presumably due to the absorption in th§ 
gas of the chamber of these soft photons of the general 



Fig. 6o. — 17,000 gauss field. A shower presumably originating in 
the impact of a cosmic-ray photon upon the nucleus of an atom of lead 
in the bar just above the top counter. Energies in millions of electron- 
volts; positrons, 145, 38, negatrons, 104, 6$, 28; sum of all, 380. Again 
the presence of secondary photons is demonstrated by the tracks of low- 
energy particles at the left; their energies are: 6.7, 4, 2, o.i. 

X-ray type. Figure 61 shows more than 80 of these low- 
energy tracks. It is this spray of relatively low-energy 
jdiotons that sets off both counters even though the orig- 
inal cosmic-ray photon-passed thrpugh neither of than. 
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Thi s is, then, why this Geiger-counter control exerts so 
selective an action upon the appearance of “showers.” 

That pair production or shower formation by a fast 
electron (^sitive or negative) as distinct from a photon 



Fig'. 6i. — 17,000 gauss field. More than 80 low-energy tracks. A 
stereoscopic study with the aid of the direct image (left) and the reflected 
one (right) of the orientations and directions of these tracks shows that 
in most instances their motions are nearly in the plane of the chamber 
so they could not have originated except from a considerable number of 
separate centers, hence indicating a large number of secondary low- 
energy photons (100,000 to 10 million electron-volts) presumably result- 
ing from the collision of a primary photon with a lead nucleus above the 
upper counter. It is the lower end of this ‘‘shower cascade” that must 
set off both counters, as well as produce the cloud-chamber effects. 

is a relatively rare event is shown by the fact that more 
than a thousand fast electrons have been observed to 
traverse a i cm. lead plate, and only in one instance has 
a definite pair (-1- and — ) been projected from the lead 
by such a fast electron, while a very large nximber of sec- 
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ondary negative electron tracks have appeared as the re- 
sult of close encounters with the extra-nuclear electrons 
within the lead. Figure 62 shows one of the rare cases in 
which a negatron (curvature to left) seems simply to 
make a nuclear hit within the lead and transfer its energy 



Fig. 62. — 17,000 gauss field. At the left an electron passes into the 
middle lead plate and either transfers its energy to a positron or else forms 
a pair, both the negatron-component of the pair and the original negatron 
being absorbed in the lead. The former interpretation seems more likely. 
The difference in energy above and below the plate is consistent with 
observed values of the specific energy loss for electrons in lead, inasmuch 
as the fluctuations are rather large. Energies: (— ) above, 90; (+) be- 
low 26. (Specific energy loss 49X10® e.v./cm.) 

to the positron (curvature to right) that emerges from the 
bottom of the plate. 

Because of the very powerful magnetic field we are 
using, it is posable to deflect all but a very small number 
of the electrons projected in the showers by the photon 
impacts. In general, in a shower a pronounced asymme- 
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try is noted in the numbers of poative as compared with 
negative electrons emerging from the lead plates, in one 
instance 7 positives and 15 negatives (Fig. 63), and in a 
second case 15 positives and 10 negatives (Fig. 64). 



Fig. 63. — 17,000 gauss field. The tracks in the upper part of the 
photograph, at least three of which converge to a region in front of the 
chamber, indicate the occurrence of a shower above the chamber. A 
second shower of 22 particles, 7 positives, 15 negatives, is seen to originate 
in the lead plate, the initial directions of the particles indicating that the 
photon (or photons) producing it passed through a point very close to 
the origin of the upper shower. The high-energy positron (520 million 
electron-volts) passing through both lead plates probably has its origin at 
the point above the chamber through which passed the photon which 
gave rise to the showers. , There are other tracks not in line with the 
main shower, as, for example, a group of three tracks from the upper 
lead plate at the left, which we attribute to the absorption there of 
secondary photons. The two heavy white patches just above and just 
below the upper lead plate cannot be associated in time with the shower. 
Their diffuse appearance may be explained by the assumption that they 
are due to recoil nuclei released before the expansion. The total energy 
of all the tracks is about a billion volts. All this suggests that a high- 
energy photon may knock out one or many electrons from several nuclei 
which it may encounter along its path. 
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These effects axe not all necessarily induded in the 
Dirac-Blackett theory of the creation of pairs out of 
incident photons. Bather might they indicate the exist- 
ence of a nuclear reaction of a type in which the nucleus 
plays a more active r 61 e than merely that of a catalyst, as 
for example the ejection from it of positive and negative 



Fig. 64. — 17,000 gauss field. Shower of 28 electron tracks resulting 
presumably from the absorption of a very high-energy primary photon 
in the central lead bar. From one main center at the Ht there iverge 
15 positrons and 10 negatrons, while the three remaining tracks may arise 
from the photon spray. The total energy is about 2.5 X lo^ volts, slightly 
less than that of the highest energy single tracks we have observed. 

charges which then appear in the showers as free positive 
and negative electrons. The essential difference, how- 
ever, between these two points of view may be merely 
that in one case the nucleus may change its charge, and 
in the other it does not do so. 

To study nuclear absorption in a li^t element more 
than four htmdred successful photographs werfe taken in 
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which a carbon plate of 1.4 cm. thickness replaced the lead 
plate. Many of these showed showers originating in a 
block of lead placed above the chamber, but in no in- 
stance was a secondary shower observed in the carbon 
plate. This indicates, in agreement with data obtained 
with ThC", the relatively small probability in comparison 
with lead of a carbon-nucleus absorbing a photon by 
shower production. 

One other striking and significant result of these 
studies is that the total energy available in the incident 
ray seems to be able to appear as a single positive, a 
single negative, a pair, or a multiple-track diower, but in 
general the larger the number of tracks between which the 
energy is divided the smaller the energy in the individual 
tracks. Thus, we have measured both individual posi 
tives and negatives of energies above three billion elec- 
tron-volts, but the sum of the energies in all the tracks of 
the most energetic shower, Figure 64, is just under three 
billion electron-volts. Similarly, the sum of the energies 
of the many-track shower of Figure 63 is between one and 
two billion electron-volts. 

V. POSITRONS PROM ARTIPICIAIXY ACTIVATED 
SUBSTANCES 

From the time of its discovery by Becquerel in 1896 
up to January 15, 1934, the phenomenon of radioactivity 
had been found to be beyond the control of man. Certain 
kinds of atoms were discovered to be sfontaneottsly disin- 
tegrating with the emission of a, |8, or y rays, or of two or 
three of them simultaneously, but the rate at which these 
radiation-processes were going on was fixed by the nature 
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of the atom and was independent of its environment. 

On the aforementioned date, however, Mme Irene 
Curie and her husband, M. F. Joliot, read a paper' before 
the French Academy in which they showed (i) that by 
bombarding boron, magnesium, or aluminum with the 
alpha rays of polonium all of these substances could be 
rendered radioactive; (2) that the radioactive rays emit- 
ted by them consisted of positrons; (3) that the half-de- 
cay time for the positron radioactivity of aluminum was 
3 minutes, 15 seconds; of boron 14 minutes; and of mag- 
nesium 2 minutes and 30 seconds, while the average ener- 
gy of the positrons from aluminum, estimated from ab- 
sorption measurements, was about 2.2 million electron- 
volts, and that from boron and magnesium 0.7 million 
electron-volts. Curie and Joliot also predicted from 
their view of the nature of this new kind of radioactivity 
that if carbon could be bombarded by heavy hydrogen 
(the nucleus of which, called a “deuteron,” contains a 
proton and a neutron) it, too, would show positron 
radioactivity. 

Meanwhile, at the California Institute of Technology, 
his million-volt X-ray tube which, in addition to its con- 
tinuous use for four years for therapeutic purposes, had 
been modified in 1932-33 so as to adapt it to the problem 
of bombarding targets with ions of the lighter elements 
after they had fallen through million-volt fields,* and 
more. (The Lauritsen tube has actually been run con- 
tinuously at 1,200,000 volts.) With this arrangement 

* Curie and Joliot, Compt, Rend, CXCVni (1934), 254. 

* Crane and Lauritsen, Rev, Sd, Inst,, IV (1933), 118; also' Crane, 
Lauritsen, and Soltan, Pkys, Rev,, XLIV(i933), 692 and XLV (1934)2 $07- 
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they found in February, 1934, that both boron and carbon 
could be endowed with positron radioactivity by bom- 
barding them with deuterons (heavy hydrogen) of 0.9 X 
10’ electron-volts of energy. The carbon activity had a 
half-period of 10.3 minutes, the boron of about 20 min- 
utes,' quite consistently with the well-known behavior of 
ordinary negatron or beta radioactivity. Figures 65 and 
66 are photographs of the tracks of these positive elec- 
trons taken by Anderson and Neddermeyer' with the aid 
of our big magnet. That the rays consist of positives is 
shown by the fact that they all bend to the right in the 
“direct” image. Figure 65 was taken immediately after 
the carbon plate had been activated and placed in the up- 
per part of the cloud chamber, where it can be seen in the 
photographs. Figure 66 was taken some minutes later 
when the induced radioactivity had fallen to about a third 
of its initial intensity. These experiments confirm in a 
most satisfactory way -the findings of Curie-Joliot and 
extend them somewhat in that the radioactivity is now 
produced wholly artificially, since here the bombardment 
is, done not by the pre-existent and uncontrollable alpha- 
ray activity of polonium but by artificially produced ions 
of any desired kind freed in a specially designed discharge 
tube and accelerated to any desired energy by a man- 
made field. This wholly artificial radioactivity was of the 
order of a thousand times the intensity of that before ob- 
tained.- This step added notably to the possibilities' open 
for the study of dififerent kinds and conditions of artifi- 
cially stimulated radioactivity. In fact. Professor Taunt- 

. "Crane, Lauritsen, and Harper, Science, LXXIX (March, ■ r934). 
234; also Crane and Launtsen, Phys, Rev., XLV (March 15, 1934), 430. 

•Anderson and Neddetmeyer, Phys. Rev., XLV (r934), 653. 




Fig. 65. — The carbon plate in the upper part (here right side) of the 
chamber is seen to be emitting positrons. It has been bombarded by 900,- 
000-electron-volt protons, then immediately placed in the doud chamber. 



Fig. 66.— The same as Fig. 65 after the induced positron radioactivity 
has been in the chamber for some 20 minutes. 
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sea* aad Ms collaborators have obtained similar results 
with the use of protons and of heliiun nudei used as bom- 
barders, as well as with deuterons. They have also ob- 
tained most interesting results with a series of other tar- 
gets, notably litMum and fluorine. Also a little later Pro- 
fessor Lawrence* of Berkeley got similar results with Ms 
umque ion-accelerating device.® The kind of nudear trans- 
formations involved in the generation of this artifldal 
radioactivity will be conadered more fuDy in the next 
chapter. 

There is, however, one further very important particu- 
lar in wMch Professor Lauritsen’s group at the Kellogg 
Radiation Laboratory of the California Institute has 
checked and extended the work of other investigators on 
the properties of the positive electron, as follows. 

EIECXRON 

From the time of the first discovery of the positive elec- 
tron in the summer of 1932 the question of what became 
of it had been the subject of prolonged discusaon witMn 
the Norman Bridge Laboratory. According both to all 
experimental findings and all theory up to the time of its 
discovery all the positive electridty that was demanded 
to neutralize the negative electrons that swarm about the 
nudeus of every atom and by their occasional detachment 
from the outer shells of these atoms produce the phe- 
nomena of conductivity, all this neutralizing positive 
electridty was imprisoned witMn the nudei of the atoms 

• Ciane, Lauritsen, and Soltan, Phys. Rev., XLV (February i, 1934), 
336; Crane and Lauritsen, Hind. (Mardi i, 1934), 344; ibid. (AprQ i, 
1934), 493 and 497; ibid. (April 15, 1934), 550. 

* Henderson, Livingston, and Lawrence, ibid. (March 15, r934), 438. 

1 Lawrence and Livingston, ibid. (1934), 60S. 
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and the total number of positive electrons there found 
was of necessity the same as the total number of extra- 
nudear negative electrons in all neutral systems. Ander- 
son’s discovery showed that a cosmic-ray photon, posa- 
bly also a high-energy electron, colliding with a nudeus, 
could eject positive electrons out into the inter-atomic 
world which swarmed everywhere with negative elec- 
trons. That it could not live there long after its energy 
of ejection had been spent was certain, both from e:q)eri- 
ment and theory. For the former showed that these posi- 
tive electrons play no part in conduction — gaseous, elec- 
trol 3 dic, or metallic — and hence that they do not remain 
free. Theory, on the other hand, said that free poative 
and negative electrons existing side by side would of 
necesaty rush together and destroy each other unless in 
some way through the presence of the free poative elec- 
tron a new proton could be formed which by then cap- 
turing from the surroundings a new negative electron 
would give rise to a new atom of hydrogen. For in ail 
nuclei, induding that of hydrogen, the mutual destruc- 
tion of positive and negative electridty is avoided throu^ 
the usual quantum conditions holding within the atom. 
But no matter how the poatron disappears, the region in 
which such disappearances are taking place must be a re- 
gion from which radiant energy is emerging, for with either 
alternative as to mode of escape, according to Einstein’s 
equation, the disappearing potential energy of two sep- 
arated attracting systems, corresponding to the mm.E= 
nuf, must of necesaty appear in radiant form. 

Now, before it was known that poatrons were pro- 
duced by the more energetic of the gamma rays, Bowen, 
Cameron, and I had obtained and presented to the Na- 
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tional Academy of Sciences in November, 1929,* convinc- 
ing evidence that the nucleus of the atom of lead plays an 
appreciable r 61 e in the absorption of cosmic rays, and 
very early in 1929 we asked Mr. Chao to test this point 
carefully with respect to the rays from ThC", using a 
much narrower and more sharply defined beam than had 
before been employed, for we wished to improve the 
accuracy in the measurement of scattering, secondary 
radiation, and absorption. With this arrangement Chao* 
fiirst found definite evidence of nuclear absorption in addi- 
tion to Compton scattering, and he brought to light a 
secondary, as distinct from scattered, radiation of wave- 
length of 22.5 XU (0.55X10* electron-volts). He also 
found that this radiation was emitted in about the same 
intensity in a number of directions making angles of be- 
tween 30® and 150° with the primary beam; that, further, 
this secondary radiation was stimulated at a threshold 
value of the incident photons of about 2.0 million elec- 
tron-volts. 

Meanwhile Tarrant,® who had been working at the 
Cavendish Laboratory on the absorption of ThC" ray? in 
lead, published in July, 1930, evidence in agreement with 
Chao’s in suggesting nuclear absorption, and in 1932 
Gray and Tarrant® checked most satisfactorily Chao’s 
1930 discovery of the stimulation in lead by ThC" rays 
of a secondary isotropic radiation of an energy of about 
half a million volts. Again in 1934,* they checked both 

'Chax), Proc. Nat. Acad. Sci., XVI (1930), 431 and Pkys. Rev., 
XXXVI (i93o)> 1519; also Proc. Roy Soc. A., CXXXV (1931), 206. 
Ckao’s results were first presented before the National Academy of 
Sciences on April 29 (see Proc., XVI [1930], 421). 

* Tarrant, Proc. Roy Soc. A., CXXVIEI (1930), 345. 

3 Gray and Tarrant, Proc. Roy Soc. A., CXXXVI (1932), 66a 

< Gray and Tarrant, ibid., CXLHI (1934), 68i, 
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themselves and Chao in the determination of the proper- 
ties of this radiation, though they do not succeed in firing 
its energy with a certainty greater than perhaps 25 per 
cent. They think they find also a weaker isotropic radia- 
tion of an energy of a million volts, but Lauritsen and 
Oppenheimer' in a critical analyas of all the already ex- 
tensive work in this field reach the conclusion that the 
addition of Chao’s isotropic half-million-volt radiation to 
the various types of scattered rays to be eq>ected is suffi- 
cient to account for all the facts thus far observed. 

This half-million-volt isotropic radiation thus brought 
to light by Chao is obviously just what is to be espected 
if the positrons which are produced by the absorption of 
the 2.6-million-volt rays of ThC" in lead, etc., are ulti- 
mately destroyed through combining with negatives, for 
though such mutual annihilation of two electrons should 
release a million volts of radiant energy the Newtonian 
momentum law cannot be satisfied unless two half-million- 
volt photons go off in opposite directions from the scene 
of the catastrophe. 

This annihilation h)pothesis as to the fate of the posi- 
tive electrons has then the advantage over its only possi- 
ble rival, namely, the hypotheas that the positron’s end is 
the formation by some sort of mechanism of a new proton 
in that the energy released by such formation wotdd in 
this latter case have to be arbitrarily assumed to be about 
half a million volts, whereas the annihilation hypothesis 
predicts the value actually found. The greatest weakness 
in the position of this hypotheas so far lies in the fact that 
none of the observers using the foregoing method have 

Lauritsen and Oppenheimer, Phys. Reo., XLVI (1934). 80. 
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been able to determine with sufficient accuracy the energy 
of the photons resulting from the annihilation. 

The discovery of artificial radioactivity by Curie- 
Joliot assisted, however, in obtaining greater precision, 
since this made it possible to obtain a pure positron 
source of large intensity. But just prior to this discovery 
Thibaud* and Joliot" presented, independently, papers in 
the same issue of the Comptes Rendus (December i8, 1933) 
in which they both had separated by means of a suitably 
arranged magnetic field the positrons from the negatrons 
when both were produced by the bombardment of alu- 
minum by the alpha rays of polonium. When the mag- 
netic field was thrown on in one direction the positives 
were caused to fall upon a thin sheet of platinum (Thi- 
baud) or lead or aluminum 0oliot), and when the field 
was thrown on in the other direction it was only negatives 
that fell on the thin sheet. From the region of the posi- 
tives there emerged ganuna rays of much greater inten- 
sify than when the field was reversed, and the energy of 
these gamma ra3rs was formd, by interposing absorbing 
sheets, to correspond to about half a millio n volts. This 
constitutes a step somewhat in advance of that taken by 
Chao and Gray and Tarrant, since the positron beam' 
that creates the gamma rays is completely rmder control 
and directing it upon a given spot causes the gamma rays 
to emerge from that spot. 

The next step was taken by Lauritsen and Crane, who 
with their powerful million-volt tube produced in plates 
of boron, carbon, aluminum, etc., wholly artificial poa- 
tron radioactivity of a thousand times the intensity of 
that theretofore available. Ordinary electroscopes, in- 

• J. TUbaud, Compt. Rend., CXCVn (1933), 16*9. 

‘ F. Joliot, ibii., p. 1622. 
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stead of Gteiger-Miiller cotmters, could be used for its 
measurement. For e^mple, one experiment was as fol- 
lows: Dr. Lauritsen activated strongly a small plate of 
carbon, placed it activated ade up on the top plate of an 
electroscope which was too thick to let any of the posi- 
trons through, and observed the rate of discharge of the 
electroscope due to the gamma rays produced by the dis- 
appearance of the poatrons that shot downward from the 
activated layer of carbon. Then he simply laid a piece of 
aluminum on top of the activated carbon. At once the 
electroscope practically doubled its rate of discharge, for 
the half of the positrons that ^ot upward had now all to 
disappear in the aluminum, where they could throw their 
annihilation gamma ra3rs into the electroscope, while 
prior to the time the alumintim plate was placed upon the 
activated carbon they had shot off to the walls of the 
room whence practically none of their progeny of annihi- 
lation-rays could get back to the electroscope. This con- 
stitutes a very ample and direct way of showing that 
these gamma rays are indeed generated by the disappear- 
ance of the positrons. 

Lauritsen’s and Crane’s measurement of the absorp- 
tion coefficient' of these rays agreed with the theoretioil 
value to within some 4 or 5 per cent — a very considerable 
improvement in accuracy — so that it now seems to be 
fairly well established experimentally that the positive 
electron lives outside the nucleus only until it has lost the 
bulk of the kinetic energy that has been imparted to it — 
this will perhaps be of the order of $ X 10“*® seconds— when 
it disappears somewhere, probably by committing suicide 
with the first negative that comes near it. 

' < Crane and Lauritsen, Phys. Re>., XLV (1934), 430. 
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THE NEUTRON AND THE TRANSMUTATION 
OF THE ELEMENTS 

I. EAIILY EVIDENCES OE TRANSMUTATION 
The first suggestion, after the days of alchemy, of the 
transmutability of the elements came with the appear- 
ance in 1815 of Front’s hypothesis; for if, as Prout sup- 
posed, all atoms had weights that were exact multiples of 
the weight of the atom of hydrogen it is at once to be in- 
ferred that they have been built up at one time or another 
out of hydrogen, and this of course means that they are 
ideally trimsmutable. But for three-quarters of a cen- 
tury nothing further happened to suggest that atomic 
transformations ever actually take place. i 

. Then in 1896 came the discovery of radioactivity. It 
was this discovery that definitely destroyed the idea bf 
the independence and permanence of the elements. But 
while through this radioactive process a few of the ele- 
ments were umversally recognized to be spontaneously 
transforming themselves into other elements, no definite 
evidence appeared until 1919 that atomic transforma- 
tions could be in any way controlled by man. In that 
year Rutherford,* by bombarding nitrogen with swift a 
particles, defimtely proved that protons, or hydrogen nu- 
clei, were in some instances knocked out of the atoms of 
nitrogen by this bombardment. Also the fact that this 
proton diot out sometimes in a forward direction, some- 

- Rutherford, Nature, Cm (19150, 41S; PMl. Mag., XXXVH (1919), 
S37. S7I, S8i. 
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times a backward one, and with an energy that enabled it 
to make a cloud-chamber track more than 50 cm. long — 
greater than could posably be due to. energy immediately 
transferred to it from the a particle — meant that some 
kind of change capable of suppljdng energy had taken 
place in the nucleus. The inference was that the a parti- 
cle had been captured by the nucleus, thus fo rmin g out of 
nitrogen (N*^) a rare isotope of oxygen (0'^), though no 
definite proof of this could be brought forward. But in 
any case the production of an atom of hydrogen through 
the bombardment of nitrogen by a rays was an unques- 
tioned fact. Here, then, was man-controlled transmuta- 
tion, though natural radioactive substances were needed 
to bring it about. 

By 1930 this type of semi-artificial transmutation oi 
elements had been studied with a good deal of care,* and 
it had been shown that all the elements from boron to po- 
tassium, save only carbon and oxygen, can be disinte- 
grated by such bombardment with a particles. The re- 
sult of the disintegration was in every case the emisaon 
of a hydrogen nucleus or proton. The second step in 
artificial disintegration came in 1930 with the discovery 
of Bothe and Becker, treated at length in the next section, 
of a new, highly penetrating radiation excited in berylli- 
um by bombarding it with alpha raya from polonium. 
Bothe could see no source of such energy as seemed to be 
required for such penetration without the assumption of a 
nuclear transformation within the beryllium atom that 
would release the requisite energy in accordance with the 
Einstein equation. 

* See Rutherford, Chadwick, and Ellis, Radiations from Radioactive 
Substances, 1930, chap. x. 
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The next step in artificial nuclear interaction came 
when, in the fall of 1931 at the Norman Bridge Laboratory, 
we got the definite proof already presented in chapter xiv 
that the tracks of both positive and negative particles 
appeared on our photographic plates as a result of a cos- 
mic-ray photon encoimter with the nucleus of a heavy 
atom. But like all our predecessors we could only con- 
jecture what sort of nuclear changes had been occasioned 
by this kind of bombardnient. 

All three of the foregoing types of atomic changes are 
semi-artificial in the sense that all that man does is to 
place substances in the way of projectiles which nature 
has herself provided, namely, alpha rays of naturally 
radioactive substances, and cosmic-ray photons. But 
men were at work in many laboratories trying to find 
ways of producing artificial projectiles of high enou^ 
energy to disrupt atomic nuclei. The first successful de- 
vice of this kind was built at the California Institute of 
Technology by Professors C. C. Lauritsen and R. D. Ben- 
nett.* In 1928 they succeeded in building and continu- 
ously operating a giant X-ray tube in which streams of 
either electrons or positive ions could be accelerated up to 
potentials of 750,000 volts; and four years later, 1932, 
Professor Lauritsen was able to report to the Physical So- 
ciety that he had been able to run a modification of t-his 
tube continuously at 1,200,000 volts. These Lauritsen 
tubes, which have now been introduced into the regular 
equipment of quite a number of hospitals, made it possi- 
ble for the first time to produce wholly artificially rays of 
essentially the same quality as the gamma rays of radi- 

* Lauritsen and R. D. Bennett, Phys. Se»., XXXn (1928), 850; 
Lauritsen and Cassen, ibid., XXXVI (1930), 988. 
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um, but in an intensity that could not be equaled by 100 
grams (or at' current prices seven million dollars’ worth) 
of radium. 

Mr. W. K. Kellogg of Battle Creek, Michigan, and 
Mrs. Seeley W. Mudd of Los Angeles at once provided 
fimds for carrying out a five-year experimental program 
designed for the purpose of developing the technique of 
the proper therapeutic use of these powerful artificial 
gamma rays primarily in the treatment of cancer, and al- 
though Dr. Lauritsen and his associates have for four 
years been daily occupied with this humanitarian pro- 
gram — a program which prevents the use of this particu- 
lar tube for the production of an artificial beam of atomic 
projectiles — ^they have yet found time to bxiild a second 
s imila r tube for this specific purpose (Fig. 67) and in the 
summer of 1933* succeeded in producing with it a wholly 
artificial a ray beam of greatly increased intenaty, which 
in its turn produced atomic transmutations of predselj 
the sort that Irene Curie and F. Joliot, as well as Chad- 
wick, had previously produced with the a rays from radio- 
active substances (see § n below). 

Simultaneously and quite independently Professoi 
E. 0 . Lawrence* at Berkeley had been developing a most 
ingenious ion-accelerating device with which he and his 
colleagues have reached ion-bombarding ener^es as high 
as two milli on volts, though their currents are as yet very 
much smaller than Lauritsen’s. Also Tuve’ of the Car- 
nfipe Institution of Washington and Van de Graafi of the 

* Ciane, Lauritsen, and Soltan, iWd., XLIV (1933), 314; also XLV 
(1934). S«> 7 - 

> Lawrence, Livingston, and Lewis, ibid., XLIV (1933), 33. 

3 M. A. Tuve, Journal Franklin InstiMe, CCXVl (July, 1933), i. 




Fig. 67.“Sectioiial view of Lauritsen-Crane 
milHon-volt tube. 



Fig. 6 7 g.— P art-sectional 
view of the lower end of the 
tube, showing the lead shielding 
and the position of the electro- 
scope with respect to the target. 

A million-volt (root-mean-square 
value) cascade transformer is used as 
the source of high potential. The top 
of the upper tube is connected, througn 
a suitable protective resistance, to the 
high potential end of the transformer 
set, and the midpoint between the 
two tubes is connected to the half-po- 
tential point of the transformer set. 
The apparatus therefore operates as 
two separate tubes, each giving the 
ions half their total acceleration. 

The source of the ions is located 
in the end of the inner electrode of the 
upper tube. A metal ring in the shape 
or a doughnut, 3 in. (7 5 cm) in diam- 
eter andhaving a i in. (2.5 cm) hole is 
supported from the bottom plate of the 
upper tube, about s in. (la .$ cm) from 
the end of the electrode. Tms modifies 
the field in a way that is favorable to 
concentration of the ion beam. Rrom 
here the ions pass down the hollow cen- 
tral electrode, and receive the second 
half of their acceleration in the mp of 
the lower tube. The target consists of 
a 2 in. (5 cm) brass disk mounted' cm a 
shaft, so that either side can be ex- 
posed to the ion beam. One »de of 
the disk is covered with the material to 
be disintegrated, and the other side is 
covered with some material which 
gives no effect, such as brass or alumi- 
num, for the iHirpose of comparison 
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Massachusetts Institute of Technology had joined in the 
race of producing artificially very high-energy ionic pro- 
jectiles. But before any of them had got their outfits 
into practical working order, Cockroft and Walton' of 
Cambridge, England, discovered that certain types of 
atomic disintegrations could be produced wholly arti- 
ficially with the use of comparatively small accelerating 
voltages — those of the order of 100,000 volts. The pres- 
ent explanation of this important phenomenon is as fol- 
lows. 

Before the advent of the wave mechanics it had been 
thought quite imposable that a proton could force its way 
into the nucleus of an atom like lithium against the field 
created by the three positive charges on that nucleus un- 
less it were endowed with an energy of more than a mil- 
lion electron-volts. According to the principles of the 
wave mechanics, however, there is a certain probability 
that it can “leak through” the potential barrier about the 
nucleus in quite the same way in which electrons leak 
through the potential barrier at the surface of the metal 
in Oppenheimer’s wave mechanical interpretation (see 
p. 261) of the phenomena of cold emission. At any rate, 
the experimental fact now is that protons, or hydrogen 
ions, endowed with energies of as low as 30,000 electron- 
volts do sometimes get into the nucleus of the atom of 
lithium and produce the following transformation first 
discovered by Cockroft and Walton. 

'The hydrogen nucleus H' forces itself into the lithium 
nucleus Li^ and the resulting nucleus then breaks up into 
two a particles which are ejected in opposite directions as 
they must be to satisfy the momentum equations. 

» Cockroft and Walton, Proc. Roy. Soc. A., CXXXVn (1933), 349. 
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Kirdmer,* and Dee and Walton, =" have made very beauti- 
ful cloud diamber photographs, samples of which are 
shown in Figure 69, in which the bombarding ions come 
in from above, as shown in Figure 68, hit a lithium target, 
and the two oppositely directed a particles shoot out 


Fdst protons 



Fig. 68.— Diagram of arrangement for observing tracks of a particles 
made by bombarding lithium by protons (after Dee and Walton), 

through very thin windows in the end of the tube in which 
the target is placed, and are thus seen shooting in oppo- 
site directions through the cloud chamber. The reaction 
is 

Li^+ff-He^+He" . 

^ F. Kirchner, SUz, Ber, Bayerischen Akdwis. Sitz,, 4, 1933, 
p. 129. 

* Dee and Walton, Proc, Roy. Soc.j CXLI (1933), 733. 





Fig. 69- — (i). — ^Disintegration of lithium by ions of the heavy isotope 0) 
hydrogen, showing the emission of two particles (tfi, fla) in opposite directions 
X>assing out of the expansion chamber and with ranges ther^ore greater than 
10 cm. (Li'J+H^-^ aHe^). The thin long track (b) is probably a fast proton. 

(2) . — This photograph shows the of disintegration described above, (i)» 

and also a disintegration with the emission of a pair of opposite 8.4 cm. partides 
(bi, bz), probably due to the presence of protons in the positive ion beam. 

This shows several cases of partides with rar^e greater than 10 cm. 
Isnng in opposite directions. There are also partides with different ranges less 
than 8 cm. ending in the chamber. (Photographs by Dee and Walton.) 
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Here was then a case of the completely artificial trans- 
mutation of lithium into helium; and further, the syn- 
thesis of atoms was a part of the process, too, since the 
proton had to be incorporated into one of the resultant 
atoms of helium. Following Cockroft and Walton, Lewis 
Livingston and Lawrence obtained evidence for the disin- 
tegration of many more elements by means of artificially 
accelerated deutons (H“) and Crane, Lauritsen, and Soltan 
first succeeded in producing by means of artificially accel- 
erated ions (aHe^ and iff) transformations yielding “neu- 
trons.” But in order to follow further the history of ar- 
tificial transmutation it is necessary to tell the story of 
how this new body, the neutron, comes into the picture. 

n. THE DISCOVERY OF THE NEUTRON 

The first step that led up to the discovery of the neu- 
tron was taken when Bothe and Becker’ at Giesen, Ger- 
many, found that if certain light elements, notably beryl- 
lium, and in lesser degree boron and lithium, are exposed 
to the bombardment of the alpha rays of polonium they 
emit rays of several times the penetrating power of the 
most energetic gamma rays from known radioactive sub- 
stances, namely those of ThC' (2.62 million electron- 
volts). They used the responses of Geiger counters to 
detect these rays and to estimate the value of their pene- 
trating power. They interpreted their experiments as 
bringing to light gamma rays of an energy of as much as 
14 million electron-volts, and to account for so high an 
energy they assumed that the alpha particle was captured 
by the nucleus of the bombarded atom of beryllium and 

• Bothe and Becker, Zeii.j. Physik, LXVI (1930), *89, and Natur- 
vnss., XrX (i93t), 753. 
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that the energy released in the radiant form came from 
the known excess in the mass of Be*+He^ over that of the 
atom (C*’) assumed to be formed by their union, i.e., they 
adopted the atom-building hypothesis and used the Ein- 
stein equation E = nuf (see p. 313) to supply the necessary 
energy. 

The second important step was taken by Irene Curie 
and her husband, F. Joliot,* in Paris, who, in repeating 
these experiments used ionization cumbers for measuring 
the radiation and found that when they interposed in the 
path of the rays to this chamber sheets of carbon, 
aluminum, copper, silver, and lead, the ionization cur- 
rents in the electroscope were practically imaffected, but 
that when they interposed a sheet of paraffin, the current 
was doubled. Similar, though smaller, increases were ob- 
served when water, cellophane, or other substances con- 
Uiining hydrogen were used in place of the paraffin. 
Curie- Joliot then showed that this increased current was 
due to the fact that Bothe’s rays in passing through hy- 
drogen compounds knocked out of them protons (hydro- 
gen nuclei). They measured the length of these hydro- 
gen tracks in a doud chamber and conduded that these 
protons had received energies as high as 4.5 million elec- 
tron-volts. They also presented convindng evidence 
that Bothe’s rays could impart kinetic energies to the nu- 
dei of and carbon, as well as hydrogen, and 

thought they had shown by these experiments that elec- 
tromagnetic rays of high frequency are capable of impart- 
ing high kinetic ener^es to the nudei of hydrogen and 
olier light atoms. 

•Curie-JoUot, Compt. Rend., CXCIV (1932) Qanuaiy 18). 273; 
(February 22), 708. 
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But such a transfer of momentum and energy from a 
photon of the energy in question to a proton or other nu- 
cleus is imposable without a violation of the laws of mo- 
mentum and energy that have been found to hold every- 
where thus far, even in encounters between photons and 
electrons (Compton effect). 

It was Chadwick,* of Cambridge, England, who re- 
solved the difficulty by showing not only that the princi- 
ple of the conservation of momentum could be retained, 
but that the momenta all came out consistently for the 
different kinds of nuclei to which both his own and Curie- 
Joliot’s experiments showed that motion was imparted by 
the Bothe rays if a nothionizing particle of the mass of a 
proton were the bombarding agent. In a word, he brought 
forward convincing evidence that when the alpha parti- 
cles from polonium bombard atoms of beryllium, boron 
etc., they knock out of the nuclei of these atoms particle.^ 
of about the mass of the proton but devoid of charge and 
hence properly called neutrons. It is these neutrons then, 
that because of their lack of charge have a very high pene- 
trating power, and that also because of their mass are able 
to transfer their energy and momentum to the hydrogen 
nuclei that Curie- Joliot found shooting through tlipij r 
cloud chamber (see Fig. 70) when they interposed hydro- 
gen-bearing substances between it and the beryllium- 
polonium combination. Chadwick assumed that the 
capture of the alpha particle by the nucleus of the atom 
of beryllium must release “a neutron” through the fol- 
lowing reaction, the atomic numbers of the elements be- 


« J. Chadwick, N<aure, CXXK (1934), 312; Proc. Royal Soc. A., 
CXXXVI (1932), 692; ibid., CXLn (io.«L r. 




(a) A neutron entering the 

chamber from below traverses a (^) The chamber is here filled with helium, 
plate of paraffin extending across A neutron entering from below collides with 
the lower part and ejects from it a a He nucleus four times its own mass and 
proton (HO which shoots clear can only impart to it a range of about $ mm. 
icross the chamber. 




(c) The neutron here causes the transmutation of a nitrogen nucleus which it 
enters and by so doing occasions the ejection of an a particle while the heavy short 
trajectory reveals the recoil of the remainder of the nucleus. The pressure was here 
low and the magnification large. 

Fig. 70. — ^Photographs of the effects of the collision of neutrons with the atoms 
of hydrogen ((t), helium (J), and nitrogen (c) (after Curie-Joliot). 
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ing written as preceding subscripts, the atomic weights as 
superscripts: 

4Be*”l“2He^^6C**-t-on’ . 

Chadwick’s first suggestion of the “Possible Existence 
of a Neutron” was published in a brief note to Nature on 
February 19, 1932. His elaboration of his views with the 
supporting evidence appeared in the June i issue of the 
Proceedings of the Royal Society three months before An- 
derson’s announcement of the existence of the positive 
electron. 

Chadwick advanced the view that the neutron consists 
of a proton and a negative electron in close combination. 
This view required no fundamental change in the usual 
conception of the nucleus as a number of protons equal to 
the atomic weight held together by a number of negative 
electrons equal to the atomic weight minus the atomic 
number. The new view merely went a bit farther in 
specifying the locations within the nucleus of these two 
familiar constituents. Thus on this view all the negative 
electrons within the nucleus simply became closely at- 
tached to protons, thus making as many neutrons as 
there were negative electrons, and the excess protons then 
provided the free positive charge on the nucleus, or, the 
atomic number. 

This view required that the mass of the neutron be 
precisely that of the hydrogen atom, taken as less 

the change in the binding energy of the negative electron 
to the proton that has taken place because of the transfer 
of the electron from the innermost hydrogen orbit to the 
extremely close association that it is assumed to have with 
the proton in the neutron. By applying the Einstein 
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equation to the transformation involved in the capture of 
an a particle of known energy by the nucleus of an atom 
of boron, and the emission of a neutron of measured ener- 
gy, Chadwick obtained an experimental determination of 
the mass of the neutron as 1.0067 hence concluded 
that the binding energy of the proton and negative elec- 
tron was 0.001 atomic weight units or about a million 
electron-volts. 

Chadwick’s reasoning in arriving at the foregoing im- 
portant concluaon as to the mass of the neutron was as 
follows. He assumed that when alpha particles, i.e., nu- 
clei of helium, bombard boron and in the process unite 
with the nucleus of the boron atom of atomic weight ii, 
atomic number 5 (sB“) they form thus an atom of nitro- 
gen (vN*^) and throw out the observed neutron (.oD*.) the 
equation of transformation being 

The kinetic energy with which the neutron was eject- 
ed was obtained by letting these neutrons pass through 
paraflSin and measuring the maximum range communi- 
cated to the protons that were found to emerge from the 
paraffin. This was found to be 16 cm. in air, a range that 
corresponds, according to a carefully worked out empiri- 
cal curve, to a velocity of 2.5X io» cm. per second. But, 
since the mass of the neutron is practically the same as 
that of the proton ejected by it from the paraffin, in the 
most favorable case the whole momentum of the colliding 
body is transferred to the struck body so that the forego-' 
ing number is the maximum velocity of the neutron liber- 
ated from boron by an a particle of polonium, the velocity 
of which is known to be 1.S9X 10* cm. per second. Again 
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assuming that the momentum is conserved in the inelastic 
collision of the a particle with the to form we can 
at once calculate the velocity communicated to the 
nucleus and we then know the masses and the kinetic 
energies of all the particles concerned in the nitrogen- 
building process and can at once insert the numerical 
values of all the masses and all the kinetic energies in- 
volved in the Einstein equation, namely, mass of B“-f 
mass of He'‘-|-Kin. En. of He'‘=mass of N*^-l-mass of 
n*-l-Kin. En. of N'^-t-Elin. En. of n*. 

The masses, according to Aston, are B“ = ii.oo825± 
.0016, He^= 4.00106 ±0.0006, N"*® 14.0042 ±0.0028 and 
the above kinetic energies reduced to mass units* by 
E=‘md‘ are for the a particle 0.00565; for the neutron 
0.0035; and for the nitrogen nucleus 0.00061. From 
these figures the mass of the neutron comes out 1.0067. 
The errors quoted for the mass measurements are those 
given by Aston. Chadwick thought that making adequate 
allowance for all the errors in the foregoing the mass of 
the neutron cannot be less than 1.003 and “that it prob- 
ably lies between 1.005 1.008.” 

In order that the reader may have the data with the 
aid of which all such computations are made there is 
listed herewith the masses of thirteen of the lighter 
atoms as determined with much precision by Aston and 
Bainbridge in their mass spectrographs, the mass, of the 
O*® atom being taken as exactly 16. The figures given 
represent the masses of the neutral atom with aU the 

* If we express m in grams and E in electron-volts, 

„ ifru ? c* (2.9978X10*®)* 

m ^ (for I volt= io 7 a m u) 

The £ of the H atom is then 1,837 times this -0.949 Mev* roughly 
I Mev. Also I atomic mass unit** (949 Mev-i- 1.008) =0.932 Mev. 
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extra-nuclear electrons in place. To obtain the masses of 
the nuclei alone one must subtract the product of the 
number of extra-nuclear electrons by 0.00055, which is 
the rest-mass of a single electron. The listed uncertain- 
ties are “probable errors,” which are only about one-third 
of the maamum uncertainties quoted above from Aston. 



1.00812 ±.000035 

C“ 

12.0038+ .0004 

H* 

2.01471+.00008 

N14 

14.00751 ± .00005 

He^ 

4.00390± .00013 

O'* 

16.0000 (standard) 

Li« 

6.0169 ± .0003 

p» 

19.0045 +.002 

Li^ 

7.0182 ± .0006 


19.9988 ± .0009 

Be» 

9.01 50 ±.0006 

Ne“ 

21.9984 ± .00088 

B” 

10.0162 ± .0005 

Cl“ 

34.980 ±.001 2 

B“ 

ii.oi29±.ooo5 

Cl” 

36.978 ±.0019 


m. THE NATUKE OE THE KEHTRON 

The foregoing mass, 1.0067, is what is to be expected if 
the neutron consists of a closely bound proton and a nega- 
tive electron the sum of the masses of which in the hydro- 
gen atom is 1.0078, thus leaving a binding energy, or a 
mass defect, of about 0.001 or rou^y a million electron- 
volts due to the much closer association, or approach, of 
the two charges in the neutron than in the hydrogen 
atom. Up to this point, then, everything fitted nicely 
into the old conception of a universe made up of the two 
fundamental primordial entities— negative electrons and 
protons, neutrons representing merely a closer union of 
the two than there had been any particular reason for 
postulating before Chadwick’s discovery of the neutron. 

All this simplicity vanished with Anderson’s discovery 
of the existence of the free poative electron, which showed 
that the positive unit charge could exist entirdy detached 
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from the mass of the proton. This made it necessary to pos- 
tulate the existence of at least three fundamental entities 
to account for all the phenomena that had before been 
taken care of by the assumption of the two fundamental 
entities, negative electrons and protons. The three now 
required were (i) positive electrons, negative electrons, 
and protons, or else (2) positive electrons, negative elec- 
trons, and neutrons. In this last conception the proton 
loses its rank as a fundamental entity, being now regarded 
merely the combination of a neutron and a positive elec- 
tron, while the neutron rises to the rank of one of the in- 
dependent fundamental building-stones of the universe. 
The whole conception of the electromagnetic origin of 
mass as such would then be abandoned. If one does not 
wish to give this up he can retain it by taking the first 
alternative and making the positive electron, the negative 
electron, and the proton the three fundamental entities. 
He may then assume further, if he so wishes, that the 
fundamental unit of positive electricity can exist both in 
the proton form and the free positive electron form and 
then, in order to get into conastency with the Einstein 
equation, he may also assume that under suitable condi- 
tions the proton can blow itself up into the free positive 
electron, for instance by expanding its radius about 2,000 
times. By such an artifice one might possibly be able to 
retain the conception of the electromagnetic origin of 
mass and with it Chadwick’s conception of the neutron 
as a mere combination of a proton and a negative electron. 

But there is an experimental approach to this question. 
TTius, Chadwick’s determination of the mass of the neu- 
tron placed it, according to his estimate, between the lim- 
its 1.003 and 1.008 a m u. ■ Furthermore, he had taken 
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the mass of the hydrogen atom in atomic weight imits as 
1. 0078 ±.00002; that of the electron 1/1,837 much or 
0.000SS mass units. This makes the mass of the proton 
alone quite definitely 1.00722, for the binding energy of 
the electron to the proton in the hydrogen atom is negli- 
gible — only about 14 volts. If, then, the neutron is a fun- 
damental thing to which a positive electron of mass 
0.00055 becomes attached to form a proton, then its mass, 
M, must be given by ^±0.00055— binding energy = 
1.00722 or 

M = 1. 0067 ± binding energy. 

This equation says, then, that if the neutron is a primor- 
dial thing and the proton a complex thing, the neutron 
mass cannot possibly be lower than 1.0067, it may be 
as much larger than 1.0067 you please, the difference, 
whatever it is, determining the binding energy, which the 
apparent stability of the neutron indicates should be 
high. Any experimental neutron mass lower than, or 
even dose to, 1.0067 q)eaks in favor of the proton as a 
primordial thing. 

On the other hand, if the neutron is merely a proton 
and a negative electron in dose association, i.e., a col- 
lapsed hydrogen atom, then the mass of this neutron 
system can be anything you please hss than (1.00722+ 
.00055) = 1.0078, difference, whatever it is, in this 
case representing the binding energy. In other words, 
for this case 

Jf =1.0078— binding energy. 

Any experimental neutron-mass higher than, or even 
dose to, 1 .0078 speaks in favor of the neutron as a primor- 
dial thing. If Chadwick’s actual measurement of the 
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mass of the neutron (viz., 1.0067) were accurate to one 
part in a thousand, then on the hypothesis of a primordial 
neutron there would be nothing left to serve as the bind- 
ing energy of the positive electron to the neutron, whereas 
if the neutron is a closely coupled proton and a negative 
electron then, as Chadwick pointed out above, there 
would be about a million volts left to serve as the binding 
energy of the negative electron to the proton. This looks 
like evidence in favor of the proton as a fundamental en- 
tity. 

But this evidence must not be taken too seriously for 
the reason that Chadwick’s accuracy is not at all ade- 
quate for the definite drawing of the foregoing concluaon, 
as shown by his later work, plus that of Lauritsen. 

IV. LAURITSEN AND CRANE’S WORK ON THE GAMMA 
RAYS EMITTED IN THE PROCESS OE ARTIFICIAL 
TRANSMUTATION 

In setting up the foregoing equation Chadwick tacitly 
assumed that the capture of an alpharay by boron and the 
ejection of a neutron in accordance with the foregoing reac- 
tion and computation was an operation in which no ener- 
gy was lost through the emission of a gamma ray. But in 
the case of the bombardment both of beryllium and boron 
by a rays Bothe and Becker* and Rasetti* as well as 
Curie- Joliot* had proved that weak gamma rays, as well 
as neutrons, are actually given off. To measure the ener- 
gy of these very weak but very penetrating gamma rays 
Bothe and Becker adopted the following most ingenious 
technique. They set up two Geiger counters so that the 

■ Bodie and Becker, PkysiJi, LXXVI (1934), 4Si. 

* Rasetti, ihid.^ LXXVUI (1932), 165, 

3 Curie-Joliot, Jour, d, Phys, et U Radium^ IV (1933), 21. 
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electrons ejected from matter placed in the path of these 
gamma rays could produce audible responses at an ob- 
served rate by their successive passage through both 
coimters. Then they interposed increasing thicknesses 
of aluminum, or other substances, between the two 
counters until the responses ceased — a condition reached 
when the ejected electrons had just insufficient energy to 
traverse the intervening sheets of matter. From this 
thickness they estimated that the gamma rays produced 
when boron is bombarded by o rays have an energy of 
about 3 mil li nn electron-volts, while when beryllium re- 
places the boron the gamma rays now produced have an 
energy of about 5 million electron-volts. These were the 
highest gamma-ray energies yet obtained from terrestrial 
sources. 

If radiations of anything like such energies were in- 
volved in the reaction assumed by Chadwick, his estimate 
of the mass of the neutron needed notable reduction, so 
that the figure 1.0067, even if derived from very precise 
measurement of masses and energies, was rather an upper 
limit than an exact determination, at least until it became 
definitely established that no radiative losses had been 
involved in the assumed reaction. However, Chadwick’s 
estimated range of uncertainty, viz., 1.003 to 1.008, was 
sufficient to take care of the escape even of a s-million- 
volt gamma ray. It was the great intensity of the stream 
of bombarding particles that Lauritsen and Crane* were 
able to obtain in their wholly artificial production of neu- 
tron beams — intenaties a thousand times those used by 
any of tViftir predecessors — ^that made possible the bringing 
to light and quantitative study of the accompanying gam- 
* Crane, Lauritsen, and Soltan, Pkys. Rev., XUV (tgss), 514, 783. 
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ma radiations in tlie case of most reactions giving rise to 
neutrons. 

Their method of separating the gamma rays from the 
neutron is illustrated in Figure 7 1 ,* in which the curves all 
apply to the radiations produced when deuterons, i.e., 



Fig. 71. — ^Absorption of the beryllium radiation. 1 . Paraffin-lined 
chamber, paraffin absorber; II. Paraffin-lined chamber, lead absorber; 
in. Lead-lined chamber, paraffin absorber; IV. Lead-lined chamber, lead 
absorber. 

heavy hydrogen atoms, are made to bombard a beryllium 
target in the Lauritsen million-volt tube. The absorption 
in both lead and paraffin of the radiations stimulated in 
the beryllium by the deuteron bombardment is measured 
with the aid of two electroscopes, the first lined with lead, 
* Crane and Lauritsen, ibid.y XLV (1934), 226, 




THE NEUTRON 


381 


the second with paraffin. The paraffin-lined diamber is 
mudi more sensitive to neutrons than the lead-lined 
chamber, since the ionization within it is increased by the 
protons ejected from its walls by the neutrons. On the 
other hand the lead-lined chamber is very much more 
sensitive to gamma rays than is the paraffin-lined one, 
since gamma rays eject many more electrons from lead 
than from paraffin. The figure shows four absorption 
curves obtained by using the two kinds of absorbers and 
the two chambers. Curves II and IV are taken in the 
paraffin and lead lined chambers, respectively, but the 
beam was successively weakened in both cases by intro- 
ducing before the chambers a series of lead absorbers. 
It will be seen that at thicknesses greater than 4 cm. the 
slope is the same for the lead and the paraffin chambers. 
This means that the radiation is of a single t3^e, either 
entirely neutrons or entirely gamma rays, since but one 
absorption coefficient is involved. But the large excess 
in total intensity of Curve n (paraffin chamber) over 
Curve rv (lead chamber) shows dearly that the radia- 
tion responsible for these curves consists of neutrons, 
since passing through the paraffin walls increases its 
intensity so largely. Hence, the slope of Curves II and 
IV beyond 4 cm. is taken as the absorption coefficient of 
neutrons in lead. 

At the thicknesses of the absorber less than 4 cm., 
Curve IV shows a steep rise which dearly indicates the 
presence of a component of radiation that is more absorb- 
able than is the neutron radiation and that is practically 
entirdy absorbed in 4 cm. of lead, as shown in both 
Curves n and IV. That this component consists of 
gamma rays is indicated by the fact that it occurs strongly 
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in Curve IV Oead-lined chamber) but only weakly in 
Curve II (paraffin-bned chamber), for it is well known that 
gamma rays stimulate secondaries much more strongly 
in lead than in paraffin. Curves I and III show that the 
paraffin absorbers cut down but slowly the joint effects of 
the two types of rays, while the difference in the slopes of 
these two lines shows that the proportions of the different 
types of rays are not the same in the lead-lined chamber 
as in the paraffin-lined one, a result obviously to be ex- 
pected. 

By extending the straight part of Curve IV backward 
as indicated by the dotted line in Figure 71 we can deter- 
mine the intensity contributed by neutrons alone for ab- 
sorbers less than 4 cm. Then the difference between the 
total intensity and the intensity represented by the dotted 
line should be just the intensity due to the gamma rays 
alone. The intensity of gamma rays thus obtained, as a 
fimction of thickness of absorber, is plotted on a log scale 
in Figure 72, along with a similar curve taken with the 
gamma rays from radium imder identical conditions. 
This shows that the gamma rays from beryllium are quite 
monochromatic with an absorption coefficient consider- 
ably greater in lead than the rays of radium after the 
latter have been filtered through 1-2 cm. of lead. Since 
the strength of the radium was accurately known, the 
number of gamma rays emitted from beryllium could be 
calculated and it came out equal to the nmnber of neu- 
trons to well within the accuracy with which the latter 
could be determined. Lauritsen and Crane therefore 
drew the important conclusion that in beryllium the neu- 
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trons and gamma rays are produced in the same reaction, 
which they wrote down as follows: 

4Beo+,H*-sB"+on'+7 . 

The foregoing illustrates the extreme importance of 
knowing in the case of every reaction under consideration 



Fig. 72. — ^Absorption curve of the beryllium-deuton gamma rays, 
with an absorption curve of radium gamma rays, made under the same 
experimental conditions, for comparison. 


whether or not there is a gamma ray released in the reac- 
tion, and if so just how great is its energy. Lauritsen, 
Crane, Fowler, and Delsasso {Phys. Rev., LI [1937], 391) 
have supplied this knowledge for a very considerable rmnber 
of transmutation reactions, and have thereby notably 
pushed forward our insight into nuclear effects. 
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Perhaps the most interesting reaction that they have 
studied with great care is that produced by the bombard- 
ment of lithium by high-speed protons, in which, as al- 
ready indicated (see p. 365) Cockroft and Walton had first 
shown that the proton is simply captured by the lithium 
isotope of mass 7 and the resulting nucleus of mass 8 then 
breaks up into two alpha particles that are ejected in 
nearly opposite directions. The energy released in this 
reaction, easily computed from the masses of LP, H' and 
He'*, given on page 375, comes out quite accurately 17.0 
million electron-volts. If the whole of this energy plus 
the 200,000 electron-volts with which the protons were 
accelerated in the Cavendish Laboratory experiments 
went into the pair of oppositely flying a particles (Fig. 69) 

each would have had an energy of -^=8.6 million elec- 


tron-volts, and when this is translated into a particle- 
range with the aid of the empirical curve relating o ray 
range and energy, now accurately known from twenty 
years of experimenting on the ranges and the magnetic 
deflectabUities of o rays emitted by the uranium and 
thorium families, the result comes out 8.2 cm. 

Now Oliphant, Kinsey, and Rutherford,' by interpos- 
ing in the path of these same a rays, emitted by lithium 
bombarded by protons, successive layers of naica each of 
accuratdy known air-equivalence, have obtained the rela- 
tion shown in Figure 73 between the air-equivalent range 
and the number of a particles having any particular range. 

Their method of taking the data for such a curve is 
as follows: They let the a rays shoot into an ionization 


® Froc. Roy. Soc., CXLI (1933), 722. 
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chamber a centimeter or two in diameter and a few mm. 
deep. Each a ray entering this chamber produces a prac- 
tically instantaneous ion current which is amplified by an 
ordinary tube amplifier, and the resulting “oscillograph 
deflection” photographed on a movie film so that the 
number of kicks appearing on the film is the same as the 



Fig. 73. — Distribution-in-range curve of the a particles resulting from 
bombardment of lithium by protons. (Oliphant, Kinsey, and Ruther- 
ford.) , 

number of a particles that produce them, as shown in 
Figure 74. By interposing between the source and this 
chamber a sheet of mica of known air-equivalence the 
number of particles having energies at least sufficient to 
get through that thickness will be recorded. Figure ^73 
shows the number of particles that get through varying 
thicknesses of mica, these numbers being plotted as or- 
dinates, the air equivalent thicknesses being plotted as 
abscissae. The broad plateau of Figure 73 means, then, 
that aU the points taken on this plateau correspond to the 





(c) 


Fig. 74. — ^Three records of the ionization produced by individual par- 
ticles in a shallow ionization-chamber: (a) alpha-particles of nearly the 
same speed, (b) protons of various speeds, (c) particles of several kinds 
which had been set into motion by impacts of neutrons. The fogging 
along the base-lines is much fainter in the original records than in these 
reproductions. (J. R. Dunning of Columbia University.) (Taken from an 
article by Carl Darrow.) 
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large group of tracks all of which have a range in air of 
8.4 cm., which is seen to be the maximum distance to 
which the tracks reach when the mica sheets are all with- 
drawn. 

Bui it will have been noticed that the range here accur- 
ately observed is very close to that computed above with the 
aid of the assumption that the whole of the energy rdeased in 
the aforementioned transmutation of lithium into helium 
went into the kinetic energy of the flying hdium nuclei or a 
particles. This excellent quantitative agreement is con- 
vincing evidence of the correctness of the assumptions of 
Cockroft and Walton and the whole Cavendish group as 
to the nature of the transmutation-reaction which pro- 
duced these a rays of 8.4 cm. range in air. In this par- 
ticular reaction there is certainly no energy whatever left to 
go off as a gamma ray, the whole of the librated energy 
being used to impart velocity to the two a partides. 

How, then, did Lauritsen and Crane find strong gam- 
ma rays given off by the bombardment of lithimn by 
protons? In order to find the answer to this riddle we 
must first know how they tested for the presence of gam- 
ma rays and what sort of energies they foimd. From 
electroscope tests of the kind already described in the case 
of beryllium rays they got an absorption coeffident in lead 
close to that found for 7 rays from radium filtered 
through 2 cm. of lead, and hence at first conduded that 
the energy involved in these two radiations, one from 
bombarded lithium the other from radium, was about the 
same, namely, about 1.6 million dectron-volts. 

But having begun to suspect the reliability of these 
absorption formulas for the determination of energies, at 
least in this region of frequendes, with the assistance of 
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Messrs. Fowler and Delsasso, they let these same gamma 
rays from bombarded lithium pass into a doud chamber 
set in the midst of a 1,200 gauss magnetic field and meas- 
ured directly the energies of the electrons shot into the 
doud chamber by the absorption of the gamma rays in 
thin sheets of lead and other metals also placed inside the 
doud chamber. This was predsdy what Anderson and 
Neddermeyer had first done when they found the energy 
distribution of positives and negatives released from lead 
and alumimnn by the gamma rays of ThC" — experi- 
ments, it will be remembered, in which they discovered 
that the maximum energy of the negatives, since these 
are mainly of extra-nudear origin, some of them picked 
out of atoms photoelectrically, was very dose to the 2.6 
million dectron-volts which is the long-known energy of 
the inddent gamma rays, while the maximum energy of 
the positives ^fras 1.6 million volts, the difference repre- 
senting, according to the Dirac theory, the million volts 
(2WC’) necessary to create a positron-negatron pair. 

A large number (over 1,000) of douichamber meas- 
urements of this kind, madeby Lauritsen, Crane, Fowler, 
and Ddsasso, on the electrons rdeased by the gamma 
rays from lithium bombarded by protons yidded results 
in which the kinetic energy of both of the dements of the 
pair could be accurately measured through the curvature 
produced by the magnetic fidd of known strength. 
More than 700 pairs, of which Figure 75 shows two beau- 
tiful examples, were thus measured. The total summed 
energy of the two branches of a pair plus the 2m<f(2 X 
0.511 Mev) approached experimentally the limit 17.1 + 
0.5 Mev. In other words, the energy of this gamma-ray 
beam produced by the bombardment of lithium by pro- 
tons was not; about 1.8 milhon volts, as previously esti- 



THE NEUTRON 


389 


mated from the absorption measurements in lead, but 
it was as here directly determined about ly million volts and 
it was the highest energy gamma rays as yet found from ter- 
restrial sources. Not only was this high-energy gamma 
ray of itself a discovery of importance, but even more so 
was the discovery of so high an energy combined with so 
high an absorption coefficient in lead (see § V, p. 402). 



Fig. 75. — ^Two excellent examples of 17 Mev pairs ejected from a 
0.012 cm. lead-scatterer by tbe gamma radiation from Mag- 

netic field, 2580 gauss, (Lauritsen and Fowler.) 


This begins to show the complexity of the events that 
can happen in a nuclear transformation. Thus the pro- 
ton can get into the nucleus of lithium in such a way as to 
leave in their normal state the two a particles formed, in 
which case these two particles must take the whole energy 
released; they then have the 8.4 cm. range. Or the en- 
tering proton may slip in in such a way that the two a par- 
tides formed are given no kinetic energy at all, the whole 
released energy of the reaction going into the 17. i Mev 
gamma ray. This particular transmutation-reaction, 
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too, is probably one of the very simplest possible. In 
some other reactions protons of var3nng speeds are re- 
leased, in some neutrons, in some gamma rays or photons, 
in some positrons, and in some negatrons. 

Especially because of its relation to the very impor- 
tant subject of the mass of the neutron, Lauritsen and 
Crane also analyzed very carefully with the great intensi- 
ties obtainable with their apparatus the mass-energy rela- 
tions in the reaction produced when lithium is bombarded 
by “deuterons” instead of as above by protons. This 
they had before proved to give rise to neutrons through 
the reaction 

jL^-l-iH“-*2,He<-fn* . 

Although there was some justification for assuming that 
gam-ma rays are not a product of this reaction an exper- 
imental test of this point had not been available so that 
calculations of the mass of the neutron made with the aid 
of this equation and without certain knowledge as to the 
presence of gamma rays were to be considered strictly 
valid only as an upper limit. 

By analyzing the rays produced in this reaction by ex- 
actly the method indicated above for Be, Lauritsen and 
Crane' showed that no gamma rays at all come out of this 
reaction, but only a rays and neutron rays. The distribu- 
tion of the ranges of the a rays had already been very 
beautifully analyzed by Oliphant, Kinsey, and Ruther- 
ford* with the results shown in Figure 76. It will be seen 
from this figure that out of this reaction there comes a 

* Lauritsen and Crane, Fhys, Rev,, XLV (1934), 550. 

* Oliphant, Kinsey, and Rutherford, Proc. Roy. Soc. A., CXLI (1933), 

722. 
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large group of a particles which have a uniform range of 
13.2 cm. — a range that corresponds to an energy of 11.5 
million electron-volts. 

Now this 13.2 cm. range actually corresponds remark- 
ably closely with the total energy released in the reaction 

jLi«-t-,H*-2,He''-f-£ 

in which E is the total kinetic energy of the a particles. 
Indeed, the mere differences in the masses of the atoms on 
the left and right sides of this equation amounts to 22.2X 
io‘ electron-volts and if we add the 200,000 electron-volts 
for the' bombarding energy of the deuterons we see that 
the energy of each of the two ejected a particles shoiiid be 

— —= 11.2X10® electron-volts while it was seen that the 
2 

range, 13.2, reduced to dectron-volts is 11.5. This ex- 
cellent agreement is then fairly conclusive evidence, even 
without Lauritsen and Crane’s proof that gamma rays are 
not produced in this reaction, that the deuteron is here 
captiured by Li® in such a way that the whole of the re- 
leased energy is transformed into the kinetic energy of the 
two oppositely flying a particles. It is agreements like 
this that give us confidence in the correctness of these 
transmutation equations. 

But what is then the explanation of the sloping line of 
Figure 76 which shows clearly that this bombardment of 
lithium by deuterons also gives rise to a particles the 
ranges of which vary continuously from i cm. up to a max- 
imum of 7.8 cm.? If no gamma rays are produced there is 
nothing left save the observed neutron rays to divide the 
energy with the a particles so as to cause the latter to have 
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all sorts of ranges up to 7.8, which is taken as the range 
when all the energy goes into the a particles and none into 



Fia. 76.— Distribution-in-range curve of the o particles resulting from 
bombardment of lithium by deuterons. (Oliphant, Kinsey, and k"ther- 
ford.) 


the neutron. But from the masses involved it is at once 
obvious that neutron rays can only come from the reaction 

in which Ex is the total kinetic energy carried away by 
both the a particles and the neutron. After combining 
this with the other reaction, discussed above, in which 
lithium is bombarded by protons, viz., 

+iH' -* 2»He^ -f J5i 

Launtsen and Crane point out that one obtains by sub- 
traction 

in which the only atomic masses involved are H‘ and H’ 
which are known with considerable precision. The kinet- 
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ic energy of the bombarding protons (ff) and deutons 
(H“) as used by Oliphant, Kinsey, and Rutherford was the 
same (about 0.2X10* electron-volts) and hence cancels. 
The ranges of the a particles resulting from the two reac- 
tions are nearly the same (7.8 cm. and 8.4 cm., respective- 
ly) and since only the difference in energy is made use of 
any systematic error in the measurements, or in the con- 
version from range to energy, tends to cancel out. Using 
£1=2X8.3X10* and £a=2X8.75Xio* electron-volts the 
difference is very closely equivalent to 0.001 atomic- 
weight units, and adding this to 1.00586 we ob- 

tain for the mass of the neutron 1.0068. On account of the 
accuracy with which (H*— H') is known this value seemed 
to be the most accurate yet obtained. Oliphant, Kinsey, and 
Rutherford estimate the errors in the ranges 7.8 cm. and 
8.4 cm. as ±0.2 cm., but even if two such errors should 
chance to add their effects the result could scarcely be 
affected by more than .0003 of an atomic-weight unit, so 
that the value of the neutron appeared to be found to 
lie between 1.0065 ^Jid 1.0071. Had this work 3delded a 
value definitely lower than 1.0067 it would have spoken 
strongly against the neutron and in favor of the proton as 
the dementary partide. As it was, both possibilities were 
still open, though if the choice be in favor of the neutron 
it must be admitted that the binding energy between it 
and the positive dectron was somehow strangdy small. 

In August, 1934, Chadwick* published a preliminary 
report on a dosely related method. He e:sposed a cham- 
ber fiUed with deuterium, heavy hydrogen gas, to the 
2.62X io*-volt gamma radiation bf ThC". The chamber 
was connected to a linear amplifier and oscillograph in, the 

^Nakire, CXXXIV (August i8, 1934), 237. 
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usual way. A number of kicks were recorded by the os- 
cillograph which had to be attributed to protons resulting 
from the splitting up of the deuterons into protons and 
neutrons. When radium rays of i .8 X lo® volts were tried 
the kicks were greatly reduced and Chadwick concludes 
that the binding energy of a proton and a neutron to form 
a deuteron must be more than 1.8X10® volts. He esti- 
mates it at 2.1 X 10®. The atom of heavy hydrogen is 
simply an atom of ordinary hydrogen after a neutron has 
been added to its nucleus. Hence 

H*-fn’— binding energy=ff, 

I 10^ 

or n*=H''—H‘-|- binding energy =1.0058-1 — g = 

94^ X 10 

± 1.0080. 

K these figures should turn out to be correct the mass of 
the neutron would be above the limit (1.0078) that is con- 
sistent with the idea that the proton is an elementary par- 
ticle. The two last modes of approach to the mass of the 
neutron did not seem as yet brought into consistency, and 
whether the neutron or the proton was -to be regarded as 
the elementary particle waited future determination. 

At the meeting of the International Union of Pure and 
Applied Physics on October 24, 1934, Dr. Oliphant point- 
ed out that Chadwick and Goldhaber had just made more 
accurately by Chadwick’s latest method the determina- 
tion of the mass of the neutron and obtained the value 
1. 0080 ±0.0005. Oliphant preferred, also, to make the 
assumption discussed at length in Lauritsen and Crane’s 
paper and discarded by them as having too small a proba- 
bility to be the determining factor in fitin g the 7.8 maxi- 
mum range. This assumption is that this range corre- 
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spends not to the case in which the neutron takes none of 
the energy and the two a particles divide it equally be- 
tween them, but rather to the case in which the neutron 
and one a particle receive together the same momentum 
in one direction that the other a particle receives in the 
opposite direction. This makes the latter alpha particle 
receive five-ninths of the total energy released, and thus 
gives the value of the total energy corresponding to the 
7.8 cm. range 14.9 million electron-volts, and brings the 
mass of the neutrons obtained by Lauritsen and Crane’s 
method up to 1.0083, in good agreement with Chadwick 
and Goldhaber’s* value. It is obvious that the uncertain- 
ty in this assumption still made it pertinent to retain 
the spirit of caution of the foregoing paragraph. 

V. THE LAWS OF ABSORPTION OF HIGH-ENERGY 
PHOTONS 

The discovery, first made independently and in wholly 
different ways by Chao,® and by Bothe and Becker,* then 
greatly extended as shown above by Lauritsen and Crane, 
that artificially produced nuclear changes are capable of 
emitting new types of gamma-ray photons, some of them 
of higher energies than any heretofore originating on 
earth, has opened up a large new field of both experimen- 
tal and theoretical advance in our knowledge of the inter- 
action between radiation and matter. 

Prior to the work of Chao the theoretical physicist had 
developed his laws of the absorption, scattering, and 

' Chadwick and Goldhaber, Nature, CXXXIV (1934), 237- 

“ Chao, Proc. Nat. Acad., XVI (1930), 431; Pkys. Res., XXXVI 
(1930), 1519- 

3 Bothe and Becker, Zeit. f. Pkysik, LXVT (1930), 289; Naturwiss., 
XDC (1931), 753 - 
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energy degradation of photons on the assumption that 
the sole agents conditioning these processes were extra- 
nudear electrons. Up to the time of the experiments of 
Chao, the Klein-Nishina formula, the most theoretically 
soimd of our absorption formulas, had been assumed by 
all of us, Millikan, Jeans, Regener, and all the rest, though 
with var3dng degrees of assurance, to be applicable to all 
frequencies, even those of the most penetrating of the cos- 
mic rays. Chao first showed sharply that the nucleus 
had its own laws of absorption and that they were wholly 
different from those described by the Klein-Nishina for- 
mula. Gray and Tarrant, Meitner and Phillip (see p. 
337) confirmed with much elegance and precision these 
findings of Chao with respect to the nuclear absorption 
and re-emission in a new form of the energies of ThC" 
photons, then Anderson discovered the positron and 
proved conclusively that the encoimters of ThC" photons 
with the nuclei of both lead and aluminum produce such 
positrons. Meanwhile Blackett and Occhialini had sug- 
gested the interpretation of cosmic-ray showers in terms 
of the creation of positron-negatron pairs, Dirac’s nega- 
tive energy states being the basis of this conception, and 
immediately thereafter Anderson and Neddermeyer 
found the maximum energy imparted to positive electrons 
by ThC" ra3rs just a million volts less than that imparted 
to extra-nuclear negatives, thus bringing to light the first 
new fact predicted by the pair-creation theory. 

There followed the very elegant proof first by Thibaud 
and Joliot independently, then with much precision 
by Lauritsen and Crane, that Chao’s half-miUion-volt 
isotropic gamma radiation excited by the impact of 
ThC" photons on the nuclei of both heavy and light 
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atoms is in all probability nothing but the ether signals 
sent out from the spot at which a positive electron disap- 
pears, presumably by committing suicide with a negative. 
However, this “annihilation ray” theory must be regard- 
ed as resting on evidence that is quite independent of all 
hypotheses as to where the observed poatronS come from, 
whether from pair creation without any alteration in the 
charge on a nucleus, or by the extraction from a nucleus 
with a consequent diminution by one unit of its positive 
charge. One or the other or both of these origins may 
exist and both are entirely consistent with the annihila- 
tion-ray hypothesis. For in any case we know that these 
positives appear in our cloud chambers when photons of 
sufficient energy encounter nuclei, and we know that they 
disappear somehow, and also that when they disappear 
half-million-volt photons emerge from the scene of the 
disaster. We know, too, simply from the Einstein equa- 
tion, that the radiation equivalent of the mass of two 
electrons is a million volts — ^more accurately 2X511,000 
(see p. 374) — ^and also that the principle of conservation 
of momentum requires that this million volts emerge 
from the point of origin as two oppositely directed half- 
million-volt photons. 

But meanwhile the theorist had been at' work. In 
particular at the Norman Bridge Laboratory Oppen- 
heimer and Plesset* had been working out from the pair- 
creation theory (i) how nuclear absorption should vary 
for a given nucleus -as the energy of the approaching pho- 
ton increased from the one-miUion-volt limit where Chao 
had found it first beginning to set in, and (2) how it should 
depend upon the atomic number of the nucleus. 

' Oppenheimer and Plesset, Phys. Rev., XLIV (1933), S3- 
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Fortunately Lauritsen and Crane’s intense sources of 
artificial gamma rays made it possible for them to obtain 
a comparison between experiment and theory in the en- 
ergy interval included between i million and 17 million 
electron-volts, and in the atomic-number interval copper 



Fig. 77. — ^Energy spectra of the negative and positive electrons eject- 
ed from a thick lead plate by the gamma radiation from fluorine bom- 
barded with protons. Circles indicate negative electrons and dots indicate 
positive electrons. Eact point represents the number of electron tracks in 
a 0.7 million electron-volt energy interval. 

(29) and lead (82) . They measured the energy distribu- 
tion curves for both the positive and'negative electrons 
ejected into a doud chamber from a 3 mm. lead plate by 
gamma radiation from CaF* when it was bombarded by 
800,000 volt protons. The results shown in Figure 77 
reveal roughly the million-volt diflEerence between the 
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ma xim u m energy of ejection toward which the negative 
and the positive curves trend as they approach the en- 
ergy-axis — a relation discovered by Anderson and Ned- 
dermeyer for ThC" rays and accurately checked by 
Chadwick, Blackett, and Occhialini, this being, accord- 
ing to the pair theory, the energy lost by the incident 
photon in the creation of an electron-pair. 

It will be seen from Figure 77 that the excess of the 
number of negatives over the number of positives is very 
large with the 6.2-million-volt fluorine rays. With the 
1 7 Mev rays this excess was foimd to be very much small- 
er. This, of course, means merely that, as is to be expect- 
ed, the nuclear absorption is a much smaller part of the 
whole absorption in the case of the 6.2 rays, for, as Chao 
showed, the threshold at which nuclear effects begin to 
appear at all is at about i million electron-volts. On the 
assumption that the nuclear absorption shown in these 
experiments is due solely to pair-formation, the difference 
between the positive and negative curves should give the 
effect m ainly of Compton encounters with extra-nudear 
electrons — ^in other words, the part of the absorption 
that is taken care of by the Klein-Nishina formula. These 
alone should theoretically show a difference of only about 
I million electron-volts. Photoelectric detachment of 
extra-nudear electrons, however, gives rise to the full 
(2 X -5 1 1) = 1 .02 Mev of difference between the intercq)ts 
of the positive and negative curves on the aiergy-axis. 

A further success of the pair theory is seen in Figure 
78, in which is shown Professor Oppenheimer’s computa- 
tion of the pair-absorption in lead and in copper as a 
function of quantum energy. The curves of total ab- 
sorption represent merely Klein-Nishina absorption 
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added to this theoretical pair absorption as computed 
by Oppenlidmer. The difference between the lead and 
copper curves is due to the fact that according to the 
pair theory the absorption is proportional to the square 
of the atomic number. The result is that after pair 
absorption begins, in the case of a heavy atom like lead, 
the absorption actually rises with increasing energy so 



Feg. 78. — Curves giving the total absorption coeflEcients of gamma 
rays in lead and in copper as a function of their quantum energy, and also 
curves giving the absorption due to the formation of electron pairs alone. 


that there are two values of the energy such, for example, 
as 2 million volts and 7 million volts (see Fig. 78), or 
1.6 million and 13 million (see also p. 387), that have 
the same absorption coefl&dent. In confirmation of 
this double-valued coefficient both MacMillan at Berke- 
ley and Lauritsen and Crane at Pasadena have made 
absorption measurements with different kinds of ab- 
sorbers on the gamma rays from fluorine bombarded with 
protons, and the latter observers have done the same 
with the gamma rays from lithium bombarded -yrith 
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protons with the results shown in Figure 78. The ob- 
served absorption coefficients are indicated by hori- 
zontal lines intersecting the theoretical curves. Although 
the absorption coefficients in lead of these gamma rays 
are seen to be not very different from that of radium 
gamma rays, it is dear from the corresponding coeffidents 
in copper that their quantum energy is such as to place 
them on the high-energy side of the minimum, namely, 
at about 6.9 million dectron-volts for lithium and 5.8 for 
fluorine, rather than on the low-energy side as the au- 
thors originally inferred. This result for flourine is 
very nicely confirmed by the direct measurements, 
shown m Figure 77. 

All this is in notable confirmation of the demands of 
the pair theory for this small range of frequendes herein 
investigated. But also in the range of very much higher 
energies involved in cosmic rays I have explained a 
shower picture, like that shown in Figure 61 (p. 346) 
by the so-called cascade theory. This assumes that, when a 
photon of energy, even of a billion electron-volts or more, 
collides with an atomic nudeus, it may transform its 
energy completdy into an electron-pair (just as shown on 
a lower-energy levd in the data given above in coimection 
with Figs. 75 and 77) , each component of this high-energy 
pair producing, by impact upon another nudeus, a new 
photon of lower energy, which in turn repeats the same 
process of transformation through other nudear impacts 
into new dectron pairs, etc. The result is that at the 
lower end of a cosmic-ray shower there appear a very 
large number of low-energy photons and dectrons such 
as those seen in Figure 61. So, while there is, in fact, 
plenty of evidence that pair-formation is not the only 



402 


THE ELECTRON 


method by which cosmic rays are absorbed as they plunge 
into our atmosphere, it midoubtedly represents a pro- 
cedure which sets in first at some critical voltage which 
we now know to be just the voltage corresponding to the 
mass of two free electrons (viz., 2 nuf or 2X.S11 Mev) 
and from there on is of increasing importance as the ap- 
plied voltage rises. 

Pair-formation demonstrated in connection with the 
data accompanying Figures 75 and 77 is called a “ma- 
terialization” process, i.e., a process by which ether-wave 
energy is completely transformed into electrons, i.e., into 
matter. For “matter” is defined in terms of inertia, and 
the “rest-mass” of an electron is now an accurately meas- 
ured inertial or mass quantity the value of which was 
shown (see p. 374 n.) to be the equivalent of roughly half 
a miUion electron-volts, more accurately .511 Mev, which 
is the equivalent of 0.000549 (generally written 0.00055) 
atomic mass units (a m u), or .9107X10”®^ gram.® 

That the reverse process of the complete transforma- 
tion of mechanical energy into radiant, or ether-wave, 
energy is also not only possible but one of the commonest 
of nature’s processes going on around us all the timp; is 
shown by the cooling-off in vacuo of hot bodies quite in- 
dependently of whether they have been heated by ham- 
mering (mechanical energy) or by thermal conduction 
(contact with a hot body). Indeed, herein lies the most 
simple and obvious basis of the so-called “second law of 
thermodynamics,” namely, that available TnerhamVal and 
its equivalent heat energy is all the time being ma<^p tm- 
available by being radiated away into space. The fact 

* a m u=« i/iVo= (6023 X !««)"'»■ 1.6603 X io~« gram X (2.998 : 
=1492 c io ~3 Erg =932 Mev. 
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that we can prove, as revealed in the discussion of Fig- 
ures 75 and 77, that there are some processes in which 
radiant aiergy is completely reconverted into mechanical 
energy is estraordinarily interesting and important- In 
liie case of pair formation this experimental proof was 
first made by Anderson and Neddermeyer (see above pp. 

335-40). 

The interconversion constants of some of the com- 
mon energy units are as follows: 


Conversion Table eor Energy Units 


Multiply 

Mev 

By 

i.o 7 Xio "3 

1 . 60X10“^ 

3.83Xio-*4 

4 . 45 Xio-»« 

To Obtain 
mass units 
ergs 
g. cal. 
kw. hr. 

Mass units 

9.32X10* 

1.49X10-3 

3.56X10-“ 

4 .iSXio -*7 

Mev 
ergs 
g. caL 
kw. hr. 

Ergs 

6.71X10* 

6.24X103 

2.39X10-8 

2.78X10-^4 

mass units 
Mev 
g. cal. 
kw. hr. 

Gm. cal. 

2.81X10*® 

2.62X10*3 

4.18X107 

1.16X10-8 

mass units 
Mev 
*ergs 
kw. hr. 

Kw. hr. 

2.41X10*8 

2.25X10*9 

3.60X10*3 

8.60X10S 

mass units 
Mev 
ergs 
g. caL 
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But now to return to the question of very great philo- 
sophic interest as to the mass of the neutron. Up to the 
fall of 1934, when the forgoing report on this discussion 
was writtai, both Chadwick and Lauritsen seemed to be 
getting together (p. 395) on a value of the mass of the 
neutron above iMoyS^a m u. Chadwick and Goldhaber 
had just announced, and obtained preliminary results 
with, their discovery that it was possible to pull apart 
and impart kinetic energy to the proton and neutron in 
deuterium by raying it with the gamma rays from ThC", 
long known to carry an energy of 2.62 Mev. From the 
magnitude of the pulse given off by the release of the pro- 
ton they estimated the energy of ejection of this proton 
alone as o. 24 Mev; and since Newton’s third law required 
the uncharged neutron of essentially equal mass to fly 
out with equal and oppoate momentum, and also equal 
energy in case of equal masses, they took the total energy 
absorbed from the ThC" radiation to be .48 Mev, so that 
they wrote: 

2.62—0.48=2.14 Mev= 0.00230 a m u . 

This represents in mass-energy units the energy that 
must appear in this reaction in excess of the combined rest 
masses of proton and neutron over the rest mass of the 
deuteron. This last, as given on p. 375, is 

2.01472—1.00812=1.0066 amu . 

Adding to this the foregoing binding energy of the deuter- 
on, Chadwick, and Goldhaber finally obtained for the to- 
tal mass of the neutron i .00890 amu. Bethe,* approach- 
ing the problem through another reaction, gets for the 
'Bethe, Pkys. Sev^ Lm (1938), 313. 
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mass of the neutron 1.00893, in excellent agreement with 
Chadwick and Goldhaber, since the last place is imcer- 
tain myw&y. 

According, then, to the forgoing relatively simple 
approach made possible by Chadwick and Goldhaber’s 
important discovery,* the neutron is heavier than the 
proton by about 1.00893— 1.00812=0.00081, which is 
more than 40 per c 4 nt in excess of the electronic rest mass 
(0.00055). Th® neutron is, then, certainly not a simple 
combination of a proton and a n^atron. It has, in fact, 
now been established in the minds of the great majority of 
physicists as a fundamental element with a very large hind- 
ing energy in the nucleus which cannot he wholly of electrical 
origin. This definitely denies the general validity of the 
deckomagneAic theory of the origin of mass. Also, with the 
now experimentally established masses of the neutron, 
the proton, and the positron, we cannot yet see how we 
can build up even the proton simply out of a neutron and 
a positron. Perhaps, then, we shall, for the present, have 
to be content to live with at least four, and possibly more, 
equally fundamental partides — at least the neutron, the 
proton, and the two electrons (+ and —), the word 
“dectron” meaning merdy, as originally and most au- 
thoritativdy used, a unit charge. 

At any rate, on account of difficulties illustrated by 
the forgoing history, it is no longer customary, or indeed 
possible, for physicists to speak of a nudeus as containing 
a number of free native dectrons equal to the difference 
between the atomic weight and atomic number, but rath- 
er they let that difference represent the excess of neutrons 
over protons in its constitution. Further, to account for 

* Chadwick and Goldhabo:, RDy. Soc. Free., CLI (1935), 479. 
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the observed fact that there are often emitted from a nu- 
cleus beta rays or negatrons, and in other cases positrons, 
it is assumed that when such beta-ray emission occurs it 
is accompanied by the conversion of a nuclear neutron 
into a proton, thus conserving at least electric charge; 
and when a positron is emitted from a nucleus, this event 
is assumed to be accompanied by the reverse conversion 
of a nuclear proton into a neutron, the change in mtclear 
mass, or binding energy, however it is brought about, supply- 
ing the energy for the radiation emitted, whether it be of the 
electronic or the gamma-ray t3^e, in a way not unlike 
that in which the changes in the electronic configurations 
in the outer shell of the atoms furnish the energy for the 
emitted quanta. 

In all these changes the old idea of the conservation of 
mass as an entity independent, for example, of radiant 
energy has long since been abandoned; but the principU 
of conservation of energy has been retained and extendec? 
by finding, through the Einstein equation E^mc^ a con 
stant conversion factor between mass, m, and energy, E 
and hence induding mass in the prindple of the conserva 
tion of energy. 

The principle of conservation of electric charge, of whid 
the electron + or — is always and everywhere, so far a 
our knowledge now goes, the ultimate unit which in 
variably appears in exact multiples of itself in every nu 
deus and ever3nvhere else, is also maintained. 



CHAPTER XVI 


THE RELEASE AND UTILIZATION OF NUCLEAR 
ENERGY 

I. PACKDTG FRACTIONS 

Through mass spectrograph studies worked out with 
great skill and precision, first by Aston^ and later by 
Bainbridge,® Dempster,* Mattauch,'* and others,*-® we now 
know quite accurately the directly measured weights of 
practically all the atoms and their isotopes. Since they 
are aU nearly exact multiples of the hydrogen unit of the 
atomic weight table, there is no longer any doubt that 
hydrogen is the primordial unit out of which all the nine- 
ty-two elements of our physical world have been built. 
By definition the isotopes of a given element differ in 
mass number A but not in charge number Z, and there- 
fore not in chemical properties. 

Aston, who pioneered in this field, first exhibited data 
of the foregoing sort in the form of the so-called “pack- 
ing-fraction curve,” shown in Figure 79. In this, abscis- 
sae are simply the increasing atomic weights from i to 
240; and each ordinate is the measured atomic mass of 
the element in question divided by the number of hydro- 

« Aston, Roy. Soc. Proc., CLXm (1937), 391. 

» Bainbridge, Franklin Inst. Jour., CCXV (1933), 509- 

3 Dempster, Phys. Ren., LEU (1938), 74 and 869. 

< Mattauch-Flilgge, Kmtphysikalische Tabellen (Berlin: Springer, 
1942) ; also Hahn, Fliigge, and Mattauch, Phys. Zeit., XLI (1940), 1. 

3 Pollard, Phys. Ret)., LVII (1940), 1186. 

* Barkas, Phys. Rev., LV (1938), 691. 
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Fig. 79. — ^Abscissae are atomic mass integers A extending from i (BQ to 238 (Ur). Ordinates are excess mass X io< 
a m u. Dijfferences = available packing-fraction energy. If ifi is a measured isotopic mass, its packing fraction is defined by 
(Mi — - 4 ) -r i 4 . Thus, packing fraction of He 4 = (4.00390 — 4) -s- 4 = 9.7 X 10“^: of Li^ == (7.0182 — 7) -r 7 = 26 X 10 4 , 
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gen atoms that have entered into its composition, i.e., it 
is the mass spectrograph’s direct finHing of the mass of 
the hydrogen atom after its incorporation into the struc- 
ture of the atom under consideration. Sut, in becoming so 
closely packed together, these constituent hydrogen 
atoms have lost potential energy and hence, according 
to Einstein’s equation, have also lost mass. This is why 
the atom of hydrogen is heavier when it is free than when 
it is in any of its combinations. 

Thus, the packing-fraction energy for hydrogen atoms 
when an atom of oxygen is built out of sixteen hydrogen 
atoms is 0.00812 a m u (see p. 375), or sixteen times this 
for the reaction that builds o^gen out of hydrogen, 
namely, .00812X16=0.12 amu =121 Mev. This pack- 
ing-fraction energy is the total that is available to be 
given out as heat, for example, whenever this reaction oc- 
curs. It is considerably greater than the largest energy 
which the world’s most powerful cyclotron has yet been 
able to impart to a proton or any other singly charged 
particle. But it is hoped that man-made instruments of 
the general type of the cyclotron or betatron may some 
day be able to impart to charged particles an energy of 
even more than 100 Mev. 

With the aid of this packing-fraction curve (or, better, 
from the table values from which it is taken; see Hahn, 
flugge, and Mattauch, Phys. Zeit., XLI [1940], i) the 
release of atomic energy in any possible nuclear act of 
transmutation from a less stable atom to a more stable 
atom or atoms can be seen at once. 

Thus, the curve shows that there are two sorts of 
atomic transformations, which, if they can be made to 
take place, will release energy, namely, first, the building- 
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up, or synthesis, of any of the elements out of the pri- 
mordial element hydrogen, which is stiU thought to con- 
stitute 90 per cent of the universe, for free hydrogen ap- 
pears at the left side of the curve at a much higher level 
of mass in its free state than when packed into any of the 
other elements. Further, it was pointed out by Harkins 
and WSson"^ as early as 1915 that the loss of mass, or 
“packing fraction,” per hydrogen atom was substantially 
constant “for aU pure species of atoms, i.e., for the stable 
and abundant atoms that follow closely the whole num- 
ber rule.” This point wiU be seen later to have some cos- 
mic significance. 

But, second, the curve also shows that the mass of 
the hydrogen constituents of the very heavy elements 
at its extreme right end is greater than the nxass of the 
hydrogen atoms that are constituents of the common ele- 
ments lying along or near the bottom of the curve. 
Hence, any dismtegraiion of these heaviest atoms, like 
uranimn and thorium, into the stabler atoms that lie on 
the lower part of the curve, must also be accompanied 
by a release of atomic energy, though of much lesser 
amoimt per hydrogen atom involved than in the case of 
the synthesis discussed above. It is thus synthesis, not 
disintegrdlion, that is the great source of atomic energy; and 
the precise mechanism of its release will he next considered 
in the case of the synthesis of helium. 

There is one set of reactions going on in the sun and 
stars the en(J-result of which is of great cosmic signifi- 
cance, namely, the building-up of helium out of hydro- 
gen. The energy-value of ^ reaction will now be 
worked out with somewhat more accuracy than was used 

* See PM. Mag., XLEE (1931), 309 n., and XXX (1915), 723-34. 
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above in the case of the hypothetical btiilding-up of oxy- 
gen out of hydrogen; for it is only approximately correct 
to say that the atom of helium is produced by the union of 
four atoms of hydrogen. More accurately, its nucleus is, 
in fact, the union of two protons and two neutrons. The 
mass of the proton, p, is, of course, the mass of the neu- 
tral hydrogen atom (1.001812) less the mass of its valence 
electron (0.00055), so that the mass of the free proton is 
the difference, ox p=i .00757 a m u. Hence the mass of 
these two protons and two neutrons is 

2 X 1 . 00757-)- 2 X 1 . 00893 4 . 0330 a m u . 

But to build up completely a neutral He^ atom, one must 
add the mass of its two circumnudear dectrons, viz., 
2 X0.00055 = 0.001 10 a m u. The total mass of the nm- 
tral He atom, when it is thought of as merdy the sum of 
its two isolated protons, two isolated neutrons, and two 
isolated dectrons, is, then, He^=s= 4.03300-1-0.0011= 
4.0341 a m u. But the mass of a neutral He atom, as di- 
rectly measured vnlh the mass spectroscope, is 4.0039 a m u. 
Hence, in the building-up of the neutral helium atom 
from its sq)arated dements there has been a loss of mass 
and therefore a packing-fraction energy rdeased, the 
amount of which 

AM =4.0341—4.0039=0.0302 a m u . 

Since ram u= 932 Mev, this reaction of the btulding of 
jHe^ out of iH* rdeases .03 X932 = 28 Mev. 

This is obviously a measure of the Hnding energy of 
the helium nucleus. It is nearly three times the kinetic 
energy of the fastest a-ray partide from radium and 
shows why these latter partides are much too stable to 
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be knocked to pieces by the impacts which they experi- 
ence in shooting through matter. This large binding 
energy of the helium atom also accounts, in part, for the 
great abundance of helium in the imiverse, for nature is 
always tending toward a state of greater stability. Bow- 
en’s spectroscopic measurements give heliiun ten times 
the abundance, in interstellar space, of any other element 
except hydrogen, which he makes ten times more abund- 
ant there even than helium; while Russell estimates that 
hydrogen still constitutes 90 per cent of the entire uni- 
verse, and Bethe estimates that 80 per cent of the atoms 
in the sun are H atoms. The reason that helium is so 
nonabundant on the earth is that its inability to combine 
prevents it from being held here in combination, as is 
hydrogen, while the lightness and smallness of the helium 
atom give it the greatest chance of escape from the earth’s 
atmosphere under its own energy of agitation of any 
gaseous atom or molecule, save uncombined hydrogen. 

A glance at the packing-fraction curve shows that all 
of the most stable and most abundant elements, save 
hydrogen and helium, lie dose to the zero line of the curve, 
or below it. The bottom of this curve is a position from 
which atoms cannot be transformed into other atoms 
with any rdease of paddng-fraction energy at all. In 
other words, there is no atomic energy available on earth, or, 
according to the generally accepted view of Bethe (see below), 
even in the sun and stars, save ^king-fraction emergy. 
This puts a limitation on the present and future supply of 
energy from atomic sources that even smni the worki 
ers m nudear physics may not have yet reaBzed. I sbldl 
elaborate the reasons for this statement in the last ch^ 
ter but will here present the substance of the argumwt* 
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Prior to 1905 there was no satisfactory theory as to 
how the sun has been able to pour out light and radiant 
heat for the great length of time that geologists con- 
sider necessary in order to account for the existence of life 
on earth for at least 500 million years and for the many 
more millions of years which their observed geological 
changes, sedimentation, and the like seemed to require. 
So the geologists and astronomers rejected as wholly in- 
adequate the time scale required by Kelvin’s computation 
of the simple rate of cooling of a body of the size and con- 
stitution of the sun. Forest Ray Moulton came to my 
office in Chicago in 1904 with computations showing that 
if the sun were made of pure uranium it could not have 
thrown out heat at its observed rate and have lasted so 
long as would be necessary to accormt for the earth’s 
(then estimated) lifetime, now known from radioactive 
measurements to have been at least 2^ billion years, and 
probably much more. 

These difficulties all vanished in 1905, when Einstein’s 
equation appeared and showed that, in any case, the sun, 
not only could be, but had to be, radiating away its mass, 
and that the hugeness of the factor in E=m(f meant 
that nothing like the sun’s total mass had to be used up 
to account for a lifetime of the sun much greater than was 
required by radioactive or other evidence as to the age 
of the earth. 

Not long after 1905, packing fractions were discussed 
in many physical laboratories as a source of the necessary 
energy; for, although Aston’s curve did not appear until 
the early twenties, the basic facts of “atomic packing- 
fraction energy” were widdy discussed and even quanti- 
tatively worked out for some atoms, as in the case of oxy- 
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gen, above, long before that date. They were certainly 
quite elaborately computed and published in the afore- 
mentioned article by Harkins and Wilson in 1915 (see p. 
410 n.). Also, it was in this same early period that Ed- 
dington’^ or Jeans adopted the rival idea of the mainte- 
nance of stellar heat, not through the release of this pack- 
ing-fraction energy involved in the building-up of the 
heavier atoms out of hydrogen, but rather through the 
complete annihilation of atoms within the stars and the ap- 
pearance of the equivalent heat as given by the Einstein 
equation E==m(f, in which m now represents the whole 
mass taking part in the energy transformation rather 
than a small part of it. The following quotation from a 
recent Sigma Xi address by Bethe^ reveals how influen- 
tially this latter view was promoted by Eddington a very 
few years later. Says Bethe: 

The sun continuously releases enormous quantities of radia- 
tion into space. Each second the energy of the emitted radiation 
amounts to 4X 10^3 ergs ( = 1 1 1 biUion billion kilowatt hours). At 
the rate of one cent per kilowatt hour we should have to pay a bil- 
lion dollars to keep the sun going for a single second. Terrestrial 
sources of energy are ridiculously insignificant in comparison with 
these huge amounts. Even if we assumed (which we know to be 
false) that the sun consisted entirely of coal (carbon), mked with 
the right quantity of oxygen, the combustion of that entire material 
would supply the sun’s energy for only 2500 years, which is less 
than the duration of the written history of mankind. 

The theory most widely believed in the nineteen-twenties was 
Eddington’s hypothesis that the energy was produced by a mutual 
annihi lation of protons and electrons in which the mass energy, 
mc^, of these particles was converted into radiation. Such a proc- 

* Eddington, Nature^ XCIX (1917), 445, in which he attributes the 
idea to Jeans {Nature, LXX [1904], loi). 

^Amer, Sci,, XXX (1942), 243, 
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ess would certaMy give sufficient energy; in fact it gives a greater 
energy and therefore a longer lifetime than any other conceivable 
process. 

It was actually in part because of the foregoing theory 
current in 1928 that Cameron and I in that year wrong- 
ly interpreted our cosmic-ray observations in terms 
of packing-fraction theory. We had proved experimen- 
tally that the cosmic rays do not come to us from the sun 
or stars, and certainly not from the earth, and therefore 
must have an origin different from that of surface stdlar 
heat. We had also proved that the so-called Klein- 
Nishina formula, then tiniversally recognized as valid for 
such computations, located our main observed cosnoic-ray 
absorption band very dose to where it should fall if it were 
due to the building-up of helium atoms out of hydrogen 
atoms. In other words, if surface stellar heal were due to 
the complete kansformaiion of aioms into radiant heat, as 
Eddington was then asserting, then cosmic rays could not 
he so ifUerpreted, since our experiments showed that these 
rays did not come from the sun or stars. We therefore in- 
terpreted them as due to the only possible remaining 
source of atomic energy, namely, the packing-fraction- 
energy releasecf through the act of the building-up of 
helium and other atoms out of hydrogen atoms under the 
conditions existing in interstellar space. 

The difficulty with this hypothesis was that the 
Klein-Nishina formula used by all of us — Jeans, Oppen- 
heimer, Millikan, Regener, and others — was invalid in 
the r^ion of cosmic-ray energies. Carl Anderson and I 
first proved this invalidity in 1931 by measuring directly 
— and for the first time not through an absorption formu- 
la, like Klein-Nishina’s — ^the energies of our cosmic rays; 
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for we measured directly in a vertical cloud chamber cos- 
mic-ray tracks that had more than five times’ greater 
energy than could have any conceivable packing frac- 
tions as their source (see Fig. 79). But we have now 
what seems to us good evidence, as will be shown in a 
later chapter, that the complete transformation of the mass 
of atoms out in interstellar space into a pair of charged 
particle rays is the origin of at least the great majority of 
the cosmic rays. This means, I think, that, since we get 
no cosmic rays from the sun or stars, there is now no al- 
ternative but to reverse completely my original assump- 
tion and to postulate, instead, that the sole cause of the 
sun's radiant heat is packing-fraction energy, not total 
atomic mass annihiliation, which we need for the source 
of cosmic rays under the extreme conditions of freedom 
from molecular impacts existing in interstellar space. 

But this latter conclusion, reached from an entirely 
different angle of approach, viz., that it is only packing- 
fraction energy that feeds the sun’s furnaces, is precisely 
that which Bethe now supports so strongly, not only with 
respect to the sim’s surface radiations but also with re- 
spect to the fundamental nuclear transformations going 
on in the sun’s interior. His penetrating jihalysis explaina 
so many known cosmic phenomena that I thinV his views 
are now quite generally accepted. Briefly stated, his 
conclusion is that, though a wWe series of chains of nu- 
clear reactions involving the carbon nucleus, and also the 
nitrogen and oxygen nuclei, are going on in the sun’s in- 
terior, where the temperature is 35,000,000® F., the en^ 
result of all these reactions is simply that helium is 
UnuaUy being formed at the expense of the supply of hydro- 
gen in the sun. According to Bethe’s analysis, the carbon 
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and the other atoms mentioned above have not been con- 
sumed in these reactions but have merely acted as cata- 
lysts to keep things going. 

According to Bethe’s analysis, then, the sun’s tempera^ 
Pure and heat emitted are being maintained solely by the 
packing-fraction energy of this reaction which we have just 
worked out and which yields £sM = .03 a m u, or 28 Mev 
of energy for each atom of helium that is built up in the 
sun out of four atoms of hydrogen. 

Here is, then, the great inexhaustible source of atomic 
energy, namely, the building-up, or synthesis, of helium out 
of the primordial element hydrogen, of which the universe 
is still so largely constituted. Even if the other elements 
are being similarly built up, as they must have been some- 
time, somewhere, in view of Harkins and ‘Wilson’s rule 
that the release of packing-fraction energy per hydrogen 
atom consumed is substantially a constant, we should 
only need to know the rate at which hydrogen is disap- 
pearing to predict the rate of heat evolution and hence 
the lifetime of any star. 

n. EADIOACTIVITy AND FISSION 

The reason we physicists are wont to date the rise of 
modem physics from the discovery of X-rays by Roent- 
gen in December, 1895, is that in the immediate train of 
that discovery, and stimulated by it, there followed 
quickly: the discovery, by Becquerel in Paris in 1896, of 
radioactivity; the demonstration, to the satisfaction of 
physicists generally, by J. J. Thomson in England in 
1897, of the concept of the electron as a fundamental 
constituent of all the atoms in the universe; and the dis- 
covery by Planck in Berlin in 1900 of “quanta.” 
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Of these three discoveries, the electron has been the 
most useful to mankind, for there is scarcely an industry 
that does not use it, and many new industries have been 
created by it. Radioactivity has been the most spectacu- 
lar of the three, the most startling to human thought, and 
the most stirring to human imagination, for it destroyed 
the idea of the immutability of the elements and showed 
that the dreams of the alchemists might yet come true. 

Planck’s discovery of quanta had the most profound 
influence of any of these three discoveries upon the funda- 
mentals of physics. It was not revolutionary in undoing 
the past. The old laws still held in the field in which 
they had been experimentally tested. The reason the 
discovery had not been made earlier is that man was here 
entering an almost completely unexplored domain of the 
very existence of which he had thus far scarcely dreamed, 
namdy, the domain of subatomic or microscopic, as dis- 
tinguished from ordinary or macroscopic, energy or mo- 
mentum exchanges. Practically the whole of our lives 
are still spent in the macroscopic world of ordinary, large- 
scale phenomena, in which energy exchanges are continu- 
ous processes described by differentied equations and 
governed by the established laws of Gahlean-Newtonian 
mechanics. In the discovery of quanta, man entered 
for the first time a new atomic, or microscopic, world in 
which continuous changes, with their laws, no longer rule, 
but where, instead, all energy exchanges represent sud- 
den, disCTete energy jmnps that we call “quanta,” de- 
fined by the product &», where A is a universal constant 
called “Planck’s h” and v is the frequency of a vibration. 

Electrons and quanta have been treated in earlier 
chapters; but my own first researches were in the field of 
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radioactivity, which I entered in 1900, collecting from all 
over the world and testing uranium ores for the relation 
between their radioactivity and their uranium content — 
a research which Boltwood of Yale did better and more 
extensively than 1 . The results were briefly reported at 
the world’s scientific congress held in St. Louis in 1904. 
It was thus that I first began to realize the rarety of 
uranitim ores. 

I have said that radioactivity was revolutionary to 
human thought, for it meant that some, even of the 
“eternal atoms,” namely, those of uranium and thorium, 
are unstable md are spontaneously throwing off, with 
great energy, pieces of themselves, thus transforming 
themselves into other atoms, notably helium, following 
the universal tendency of matter to pass over into a state 
of TYiflYiTYmm stability — a state that has already been 
practically reached on earth by the atoms of all save a 
few very rare and very heavy elements. 

The rate, for example, at which helium atoms under 
this tendency are flying out of a given weight of radium 
can easily be counted in any laboratory. Indeed, in the 
so-called “spinthariscope,” a toy now found in every high 
school, anyone can see and count the flashes made on a 
fluorescent screen as the charged helium atoms incessant- 
ly plunge with an energy each of some two m il l i on elec- 
tron-volts against the screen. To me, it is still a t hrilli n g 
sight to witness that perpetual violent bombardment 
and those flashing impacts. The half-lifetime of radium 
(time required to lose half its activity), for example, has 
thus been fixed at 1,600 years; the half-lifetime of ordi- 
nary uranium (atomic mass 238), at 4.5 billion years. 
This means that some unknown billions of years ago any 
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particular piece of uranium, the heaviest of earth’s known 
elements, was somewhere, somehow — perhaps through 
titanic pressures and temperatures existing in a star — 
built up into that unstable state, either directly out of 
helium atoms or out of the great primordial element hy- 
drogen, which is, in fact, the building unit of all of the 
ninety-two elements found on earth. 

We can, of course, utilize the kinetic energies of these 
high-speed hdium nuclei (a particles) continuously being 
shot out from uranium and thorium and their radioactive 
progeny. This was realized by the year 1905; and so- 
called “radium clocks” were actually built and this atom- 
ic energy thus put to work, but at a rate so minute that it 
did not disturb the power industry any more then ihan 
the present utilization of atomic energy now seems to me 
likely to do. 

Further, when the idea of packing-fraction energies 
was first worked out thirty-five years ago, some enthusi- 
astic scientists followed their Jules Verne urge and got 
into prmt with the statement that there was enough 
atomic energy in a cupful of sea water to drive the biggest 
ship across the Atlantic. They might have told a much 
bigger story than that, namely, that */it were possible to 
make the hydrogen in aU the seas combine at once into 
helium, or, indeed, into any of the common elements, 
then we could probably explode the whole earth and 
transform it into a nebula with the packir^-fraction en- 
ergy set free. 

The dfficulty is that, so far as we can now see, this 
particular packing-fraction job is one which the Great 
Architect assigned to the stupendous pressures and tem- 
peratures msting in the interiors of the stars, not to puny 
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man or even to cold-blooded Mother Earth, for it takes 
a far hotter body than the Earth to do that job. This 
situation has been so well known that for the past thirty- 
five years I have not heard of a scientist or even a news- 
paper columnist who grew jittery over the prospect of 
man’s setting off that explosion. 

But, as already indicated, the disintegration of some 
of the heavy unstable atoms at the right end of the curve 
in Figure 79 into lighter and more stable atoms can 
also release packing-fraction energy in much smaller 
amoimts per H unit, and is continually doing so in the 
radioactivity of uranium and thorium — at a rate, how- 
ever, which is negligibly small, so far as the practical ap- 
plications of heat energy are concerned. Furthermore, one 
of the most striking characteristics of radioactivity, as 
originally studied, was that it was going on at a constant 
rate which was completely beyond man’s control, neither 
temperature nor pressure changing it perceptibly. 

But the discovery -of the neutron and its properties 
changed radically the foregoing picture. For neutrons, if 
shot into or simply showered upon uranium metal, since 
they carry no charge at all, are not repelled away from 
a uranium atom in their path, either by the swarm of re- 
volving negative electrons that guard its periphery or by 
the strong positive charge on its nucleus. They therefore 
not only have very long “mean-free-paths” as they plunge 
through any mass but can easily penetrate into the struc- 
ture of the nucleus itself. This nudeus has within it a 
number of protpns equal to its atomic nmnber Z (for 
Ur= 92) and a number of neutrons equal to the difference 
between its atomic weight A and its atomic number Z 
(A— Z for Ur is 238—92=146); and its radius p is esti- 



422 


THE ELECTRON . 


mated, from experiments in the case of small atoms, to 
have a value of 2X10“"'* cm., and, in the case of large 
atoms like Ur, it is computed from the empirical equation 
p = 2 X io~^* 7 ) cm. ^ for Ur io““ cm.* This nucleus must, 
of course, be held together in the case of stable atoms by 
attractive forces of some kind between neutrons and pro- 
tons which are sufficient to balance the repulsive forces 
between the protons themselves. 

A glance at Appendix I shows that all the most abund- 
ant and most stable atoms — ^nearly all contained in the 
first three rows of the periodic table — have their atomic 
weights dose to twice their atomic numbers, which means 
that these nudei contain the same number of neutrons as 
of protons, thus showing that this is the relation of great- 
est atomic stability ; but from Z = 50 up to Z = 92 a rapidly 
increasing excess of neutrons is required to hold in check 
the repulsive forces brought into play by the increasing 
positive charge on the nudeus as the atomic number Z 
increases; for the electrical forces between protons are 
coulomb forces, not short-range forces like those between 
protons and neutrons. A result of the increasing repulsions 
between the protons as Z increases is that all of the atoms 
of atomic number above 83 are so unstable as to be radio- 
active. These rdationships thus illuminate, and to a de- 
gree explain, radioactivity. 

But the idea that it might be possible to control and 
to accderate the dismt^ation of uranium could scarcely 
have occurred to anyone prior to the discovery of the 

I Since the volume of the nucleus is firps, it is seen that the volumes 
of different nuclei me proportional to the number of contained protons 
Z, and this means that a neutron clings tightly to the nearest proton but 
ejcwts little or no force on more distant ones. 



NUCLEAR ENERGY 


423 


neutron, nor the realization that this partide, because of 
its lack of charge, should have the ability to penetrate 
•with relative ease into the nudeus of an atom like urani- 
mn and, by so doing, to increase the latter’s instability 
and thus artifically very greatly stimulate the rate of re- 
lease of its packing-fraction energy. But as a result of this 
properly of the neutron, when on January 6, 1939, Otto 
Hahn and F. Strassman in Germany published in Naiur- 
wissmschaftm their observation that one of the isotopes 
of barium was produced by the bombardment of uranium 
by neutrons, two refugees from Germany who had gone 
to Bohr’s institute in Copenhagen, namely. Dr. Lise 
Meitner and her nephew, 0 . R. Frisch, published in the 
February ii and 18 issues of Nature their “condusive 
physical evidence for the breaking up of uranium nudei 
into parts of comparable size” under the influence of neu- 
tron bombardment with the release of practically the 
whole of its paddng-fraction energy. This was the dis- 
covery of “uranium fission,” so-called in the foregoing re- 
ports by its discoverers. The atomic number of barium 
is 56, an isotope of whidi was already known to be one 
of the fission fragments; and if the other fragment of the 
split was krypton, atomic number 36, the sum of these 
two numbers would be 92, the atomic number of uranium. 
Both barium and krypton are on or near the very lowest 
part of the paddng-fraction curve. . 

Bohr was just then (January, 1939) leaving for the 
United States, and on his arrival he communicated the 
Hahn-Meitner-Frisch results and ideas to the American 
physicists Fermi, Dunning, and P^am at Columbia, 
Wheder at Princeton, and some others. Fermi suggested 
that new neutrons might be emitted from the bombarded 
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urdjuum atoms. The implications of this guess as to the 
possibility of “a chain reaction” were obvious. Four Amer- 
ican laboratories at once started experiments to confirm 
the foregoing uranium-fission and chain reaction ideas; 
and the February 15, 1939, issue of the Physical Rmm 
contained positive experimental confirmation sent in from 
Columbia, Johns Hopkins, the Carnegie Institute of 
Washington, and Berkeley; also, Joliot in Paris published 
similar results in the Comptes rendus of January 30, 1939, 
and before the end of 1939 nearly one hundred papers on 
this subject had appeared. 

One of the most important observations on neutrons 
was made by Amaldi, Fermi, Rasetti,* and others, who 
had found, as early as 1935, that the activity induced by 
shooting fast neutrons into silver and many other ele- 
ments was greatly increased when between the silver and 
the neutron source there was interposed parafiBn, water, 
or other substances made up largely of hydrogen. The 
authors explained these results by assuming (i) that the 
neutrons had been slowed down by successive impacts with 
hydrogen nuclei and (2) that slow neutrons are captured 
by the nuclei of silver and other substances much more 
easily than are fast ones. Neutrons that have thus been 
slowed down to ordinary molecular speeds through col- 
lisions with hydrogen or other light atoms are called 
“thermal neutrons.” Thul, the passage of even 5 Mev 
neutrons through 10 cm. of parafiBn will reduce them to 
thermal neutrons, the energy of which is usually taken at 
15° C. as 0.025 electron-volts. The mean free path or 
distance of travel between elastic collisions in parafiBn of 
such thermal neutrons is about 3 mm. 

' Roy. Soc. Proc., CXLDC (1935), $ 42 . 
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Return, now, to tlie idea of a chain reaction which is 
an essential if the splitting ©f uranium atoms is to take 
place explosively throughout a large mass of uranium. 
The only fissionable isotope of uranium for slow (thermal) 
neutrons is the 235 isotope, and this represents only one 
140th part of the uranium atoms. If the two pieces into 
which the entrance of a neutron into a 235 uranitim atom 
splits are isotopes of barium and krypton, as suggested 
above, since the heaviest isotope of barium has an atomic 
mass of 138 and the heaviest isotope of krypton has an 
atomic mass of 86, only 138+86=224 out of the 235 
a m u are thus accounted for, and there is therefore room 
for some neutrons to be thrown out in the splitting proc- 
ess, in addition to the assumed barium and krypton frag- 
ments. These new neutrons, in their turn, penetrate neigh- 
boring uranium atoms and split them up, so that the free 
neutrons in the mass multiply very rapidly. The result 
is the aforementioned chain reaction, setting off in an in- 
credibly short time an enormous number of uranium 235 
atoms and thus making a giant explosion, which, how- 
ever, is contingent upon the separation of 235 from the 
other isotopes, a very difficult and very expensive process, 
which has, however, been successfully accomplished. This 
all means that man has now at his disposal, wheneoer costs 
can be disregarded, an explosive ag6nt, namely 235, which 
is, weight for weight, about 1,000,000 times as power- 
ful as TNT. This is one type of uranium atomic bomb. 

There is a second type of fission, giving rise to the so- 
called “plutonium bomb,” which originates thus: The 
uranium isotope 238, which represents 98 per cent of all 
uranium atoms, is not directly fissionable by slow neu- 
trons; but it is able to receive and incorporate into itself 
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a higher-speed neutron, and upon doing so becomes, at 
first, U 239. But this substance possesses beta-ray ac- 
tiAuty and has a half-lifetime of 23 minutes. Through 
the emission of a beta ray it increases, by one, its positive 
charge, thus making it a new transuranic element of 
atomic number 93. This has been given the name “nep- 
tunium.” This atom of neptunium again shows negative 
radioactivity, of half-lifetime 2.3 days. Through the 
emission of another beta ray it, in turn, changes its nu- 
clear charge to Z=94; and this second transuranic ele- 
ment, called plutonium, has been found to he capable of un- 
dergoing neutron fission and hence of behaving quite like 
U 23 The reactions involved in the foregoing changes 
are as follows: 

^ sjU’^’-f-gamma rays , 

9jNp«» 77^ 94Pu*”-l-_ie<'-|- gamma rays . 

The process, then, of making a plutonium bomb in- 
volves, first, the bombarding of pure uranium metal with 
neutrons and thus creating within the uranium Tnagg 
atoms of plutonium. These constitute a new fissionable 
element which can be separated out by both rhftrmVgl and 
physical (magnetic) means and whidi, after such tedious 
and expensive separation, can be used so as to induce in it, 
through showering it with neutrons, a chain reaction pre- 
cisely as in the case of 235 considered above. 

The source of neutrons that do the bombarding of 
ordinary uranium to transform some of its atoms into 
plutonium was provided in the original experimental work 
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by a beam of protons (accelerated by a cydotron) im- 
pinging upon a beryllium target and throwing out neu- 
trons through a reaction similar to that assumed by 
Chadwick (see p. 372). In other cases U 238 was bom- 
barded with deuterons, thus yielding which dis- 

integrates, as shown above, to ^Pu®^* by beta emission. 
There are a number of other reactions yiddiug neutrons 
which might be used as the source of neutrons to do the 
bombarding, but in the bomb the chain reaction itself can 
supply its own starter neutrons once the mass is super- 
critical. But the problem of separating out after such 
bombardment the plutonium from U 238 is very difficult 
and expensive, just as is the problem of separating U 235 
from U 238 in the manufacture of the 235 bomb. 

But whether it is desired to utilize atomic energy for 
making bombs or merely for doing useful work of any 
kind, the supreme need is obviously not only a drain re- 
action but the complete control of such a reaction, so as 
to be able to release the packing-fraction energy only at 
the desired instant, or, in the case of useful work, to turn 
the power on and o£E at will. Those are not the kinds of 
problems that can be discussed in a book of this sort, 
which deals primarily merely with some of the fundamen- 
tal prindples of modem physics rather than with its en- 
gineering applications. The physicists, chemists, and 
engineers who went far enough in the solution of these 
problems to produce the bombs that destroyed two Japa- 
nese dties solved some supremely difficult technical prob- 
lems, and their success has placed before mankind the 
most momentous decisions the human race has yet en- 
countered. These are very briefly discussed in the fol- 
lowing section. 
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TTT tbce control of the atomic bomb 

Throughout the ages good men have sought, thus far 
in vain, to devise methods of eliminating aggressive war. 
But even before the advent of the atomic bomb the in- 
creasing destructiveness of war, because of the unparal- 
Ided developments in the field of weapons, of communi- 
cations, and of transportation, have made it crystal dear 
to all thoughtful men that this goal had to be attained if 
mankind was to be saved from self-destruction. Time 
was when war may have served a useful purpose in the 
devdopment of the race, but with the advent of modem 
total and global war no thinking man can question that 
that time is past. It now profits no one, victor or van- 
quished; and as soon as that situation is made dear to the 
great majority of mankind, a being that has any sort of 
rationality or intelligence in his makeup, or even any in- 
stinct for self-preservation, must and will find a way to 
save himself from annihilation. 

Alfred Nobd, a great padfist, was convinced that his 
invention of nitroglycerine had done more to bring about 
the elimination of war than all the sermons and peace 
conferences had ever done or could ever do; and with the 
experiences of the two world wars of the last thirty years 
before them the great majority of intelligent men had de- 
termined, even before the advent of the atomic bomb, to 
join the ranks of those determined to put a stop, if possi- 
ble, to international wars. The great sendee to mankind 
of the advent of the atomic bonib has been to make as clear as 
crystal, to all classes and conditions of men the world over, 
the necessity for such action. In my own judgment, no 
other service that the study of atomic energy can render 
to mankind is likely to be in any way comparable to this 
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«rvice; and the other services could all be profitably dis- 
carded if this one succeeds. I shall discuss below the 
imitations as to the types of other service that it can 
render, but whether I am right or wrong in that analysis 
is relatively unimportant. The necessity that it has 
placed upon all mankind to find a substitute for war in 
the handling of its international relations is that which, 
in itself, without reference to further inventions of any 
kind, will make a new world; and its influence in making 
a new world wfll probably be greater than aH other iit- 
fluences combined. Without it, there certainly will be 
no worth-while new world. I expect the influence of in- 
dustrial applications to be wholly negligible in comparison 
with this supreme service. 

The above-mentioned limitations are imposed by the 
nature of the atoms and of packing-fraction energy, as 
shown in Figure 79. On accoimt of the abundance of 
hydrogen in the universe, there is here revealed a practi- 
cally unlimited supply of atomic energy, owing to atom- 
building processes going on, to the best of our knowledge, 
only in the sun and stars, and in all probability forever un- 
attainable on the earth or on any cold body. But this use 
of atomic energy is nothing new. Indeed, this has been 
practically the sole source of aU the energy which the earth 
has received and which man has had at his disposal in times 
past. To it have been due all life on earth and every or- 
ganized activity that differentiates the earth from the 
bumed-out cinders from the sun, like the moon and some 
of the planets. For billions of years the sim has been 
shooting this kind of atomic packing-fraction eneigy 
down to us at the rate of 186,000 miles a second and in 
practically unlimited quantities. And through all the 
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ages since life appeared here, Mother Earth has been 
storing it up for man’s use in coal and oil. Furthermore, 
as the Sun creates it now, he is turning over our share to 
us earth-dwellers in waterfalls and winds at a rate very 
mudi greater than that at which we are now using it. 
And the only reason we do not use it more is that, so long 
as the gas and oil and coal last, these three forms of bot- 
tled sunlight constitute by far the cheapest sources of 
atomic onergy available to us. 

When the world’s supply of energy thus stored up in 
past ages for mankind’s present use is gone — say 2,000 
years hence — we shall use the winds and the tides and 
the waterfalls more fuUy than at present, grow tropical 
fuel plants, and devise madunes for utilizing the direct 
sunlight, which we know how to do now but which comes, 
at present, a little too high in price to compete, in a large 
way, with coal and oil, though it does even that, to some 
extent, in our presait use of solar heaters. To get a 
rough idea of how abundant and how cheap this source 
of energy is, it is only necessary to reflect upon the fol- 
lowing striking figures. 

The intensity of solar radiation that gets through our 
atmosphere and down to earth can be taken as i .5 calories 
per square centimeter per minute,* or 5,400 large calories 
per square meter in 6 hours. Hence, since the burning 
of a kilogram of coal evolves 8,000 large calories, 6 hours 
of sunlight falling on a meter of the earth’s surface has 
the heating value of 0.675 kilograms of coal. There are 
4,045 square meters in an acre, so that 6 hours of sunlight 
falling on an acre has th6 heating value of 4,045X0.675= 

* See H. A. Spoeihr, ‘Thotosyathesis and the Possible Use of Solar 
Energy,” J our. Indus, and Emg^n, Chem,, VoL XIV (December, 1922). 
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2,730 kilograms, or 3.00 tons of coal. If 90 days is taken 
as the growing season, the heat equivalent of 3 X9o= 270 
tons of coal falls per season on an acre. Every square 
mile (640 acres) of the United States then receives per 
growing season the heat equivalent of 270X640, or 172,- 
800 tons of coal, worth, at $6.00 a ton, $1,036,800.00 
per season. 

Why do we not make use of this continuous inflow of 
solar atomic energy at such a stupendous rate? The an- 
swer is that that is precisely what we do in a limited way 
whmever we instal a windmill, or develop a hydroelectric 
power plant or a solar heater, or make attempts, as we 
have done in a few places, to grow com or other crops for 
the sake of the liquid fuel values to be obtained from them . 
But, so long as the stored, sunlight of bygone ages is here in 
such abund an ce and such cheapness in oil fields and coal 
beds,* the great bulk of our power wiH continue to come 
from such sources simply because the other sources can- 
not compete in price. But when the coal and the oil are 
all gone, man will have to pay a little more for his power 
than he pays now; but the difierence in cost need not be 
enough to be an occasion of worry to our descendants 
then alive. 

But consider next that other question raised in some 
imcontrolled imaginations by the advent of the atomic 

total world supply of coal alone is estimated to be about 

8.000. 000.000.000 tons. The present yearly consumption is about 

2.000. 000.000 tons. At this rate, the coal will last 4,000 years. In the 

Lamp (XXm [1946], 10) the world^s availablesupply of Urisestiinated 
at 30,000 tons having a fissionable content of 0.7 per cent, or 210 tons. 
The Smythreport gives, energy-wise, 1 ton of 235*3 j<^>ooo tons of coal 
The energy drain on coalbeds would thus exhaust the world’s 

supply of 235 in 4 months. If all Ur atoms were made fissionable (even 
if possible very costly) the foregoing Ur supply would last 45 years. 
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bomb: What is the economic competitive position of the 
power that comes from uranium fission or from the dism- 
tegraiion of the few other heavy unstable atoms on the right 
end of the packing-fraction curve into the lighter stable 
elements along the bottom of Figure 79? My answer is: 
Where costs are not important, as m wartime, or in the 
cure of disease, or in a very limited number of other uses, 
the heavy unstable atoms will doubtless find a place as 
power-producers, but in my judgment a relatively small 
one. For the total energy available from the disintegra- 
tion of these rare unstable elements is wholly trivial in 
comparison with that available from bottled and direct 
sunlight. 

It is to be remembered that, ignoring the primordial 
element hydrogen, all the abxmdant elements are stable 
elements. That is why they are abundant. The atoms 
found on the earth have had billions of years to respond to 
the universal tendency to settle down into their most sta- 
ble states. There is no available energy left in any of the 
elements that lie along the bottom of the packing-fraction 
curve. Only a few very rare elements at the right end of 
the packing curve are capable of undergoing an exother- 
mic (giving out energy) reaction ; and these are all rare ele- 
ments, easily exhausted and therefore increasingly costly 
and requiring conservation rather than reckless exhaus- 
tion. How rare and how costly they are now can be seen 
from a consideration of gold. Although gold, so far as 
we now know, is not fissionable, it certainly has in it 
available packing-fraction energy, as shown in Figure 79. 
But suppose we had no coal or sunlight power and were 
forced to bum up our gold to get our heat and power. 
How long would it last, and to what point would its 



NUCLEAR ENERGY 


433 


price skyrocket under the pressure to get some of it or 
freeze to death? But uranium, while not so rare as gold, 
is exceedingly rare in comparison with any of the abund- 
ant, and therefore cheap and inexhaustible, elements. 

The following facts will be illuminating as to what 
constitutes an abimdant and what a rare element. I list 
herewith the more common elements in the order of th^r 
abundance in the crust of the earth on which we live,' the 
figure after each element signifymg the percentage by 
weight in which it appears; but I stop as soon as an ele- 
ment is reached the abimdance of which falls below one- 
tenth of I per cent : The first four are : oxygen, 46.6 ; silicon, 
27.7; aluminum, 8.19; andiron, 5.0. These four elements 
thus constitute 87.4 per cent of the earth’s crust. The next 
four elements are close to one another in the percentage 
they occupy. They are calcium, 3.6; sodium, 2.8; potas- 
sium, 2.16; and magnesium, 2.1. The foregoing eight ele- 
ments constiUite per cent of the earth’s crust. Tita nium 

follows next, with 0.4 per cent, and manganese, with o.i 
per cent, maTring the total percentage of the whole cov- 
ered by these ten elements 99 per cent. 

I shall henceforth call no element “abundant” which 
constitutes less than o.i per cent of the earth’s surface. 
Of all the dements under 0.1 per cent, barium is one of 
the most plentiful; and it has an abundance of but one- 
fortieth of I per cent, or, if we count not by density but 
instead by rdative number of its molecules, which is 
what we are concerned with m fission problems, then 
barium’s abundance is less than one-hundredth of i per 
cent. Everything below this I shall call “rare.” XJrani- 

*V. M. Goldsmidt, Geochemische VerteUmgsgeselze ier Elmmta 
(Oslo: T. Dybwad, 1938). 
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um has, by this standard, one-eightieth the abundance of 
barium. For barium Z=56 and A=i38. Further, it 
will be seen from Figure 79 that barium lies dose to the 
very bottom of the packing-fraction curve. Only from 
dements to the right of it on the curve can any energy 
from fission or disintegration come, and the sum of all 
these thirty-six dements put together yidds an abund- 
ance less than that of barium alone, and this is substan- 
tially so even when all the elements down to atomic num- 
ber 41 are added. These are the only elements through 
the fission or disint^ration of which, by any means, heat 
or power could be obtained; and they are far too valuable 
and too rare to be wasted in that way by intelligent men. 
Even if they were fissionable, they would need govern- 
ment conservation, not use as a substitution for fud. 

Again, how rare, from a practical point of view, urani- 
um is can be seen from that portion of the history that I 
have myself followed dosely since 1900, when I began 
searching the world over for uranium ores. For the first 
ten or twdve years after the discovery of radium in 1898, 
it was the pitchblende ore from the Joaclumsthal Tuinos 
in Austria (now Czechoslovakia) that supplied the world 
demand for radium for sdentific and therapeutic uses. 
Then, because of its extreme scardly, the Austrian gov- 
ernment put an embargo on the export of this ore. At 
this time Mr. Joseph Flannery, who had been president 
of the Vanadium Company, of Pittsburgh, and had pro- 
moted the use of vanadium as an alloy of steel, turned his 
att^tion to a careful study of the uranium situation. He 
found that “the ores of Erurope were out of the question” 
because of the Austrian monopoly and that “the few de- 
posits that were found in other parts of the world were 
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not of sufficient extent to justify serious consideration.” 
However, in a desolate section of southwestern Colorado 
and southeastern Utah there were 800 square miles of 
camotite deposits — sands on the grains of which the yel- 
low oxide of uranium has crystallized out. These low- 
grade Colorado camotites averaged less than i per cent 
uranium, while the Joachimsthal pitchblende had run up 
to 10 per cent uranium. 

Knowing that both Professor Herbert McCoy and I 
had been working on uranium ores, Mr. Flannery ap- 
proached us to find a young Ph.D. whom we had trained. 
We recommended to him Dr. Charles D. "Viol, who went 
to Pittsburgh as director of Mr. Flannery’s new “Radium 
Laboratories of the Standard Chemical Company of 
Pittsburgh.” Under Dr. Viol’s directordiip tHs com- 
pany succeeded in devdopii^ a process for the extraction 
of radium from camotite, turned out its first commercial 
radium (2.1 grams) in 1913, and between 1913 and 1918 
produced 39 grams of radium element which was then 
marketed at $125,000 a gram.^ Dr. Viol also estimated 
that the total radium production in the United States up 
to 1919 was 55 grams of radium element, “probably more 
than half of all the radium produced in the world up to 
that date.” By 1921 this company had raised its total 
production from the Colorado camotites to 72 grams.” 
In the single year 1920 it produced 18.5 grams. Fur- 

* Cliaxles H. "^ol, Science, XLIX (1919), 227. Also the Keystone, 
February, 1919, and “The Story of Radium,^’ Nm York Times, May 15, 
1921. Dr. Viol himself died in the late twenties of cancer, contracted 
through too much unprotected raying with jS rays. 

* The equilibrium radium content of pure uranium metal is one part 
in 3,000,000 {RadioactiviU Mme Curie [Paris: Herman & Cie, 1935], 
p. 141). 
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ther, in view of the fact that Dr. R. B. Moore, of the 
United States Bureau of Mines, had esthnated the 
total radium content of the Colorado camotites to 
be but 135 grams all told and that the Standard Chemi- 
cal Company’s camotite holdings were much larger 
than those of any other single company, the latter organi- 
zation made a careful survey (in part by systematic dia- 
mond drilling) and estimated the total Colorado camo- 
tite’s content of radium metal as at least 500 grams, in 
place of the Bureau of Mines’ estimate of 135 grams. In 
1921 the women of the United States raised and paid 
$i 20,000 for a gram of radium for Mme Curie and gave me 
the pleasure of making the presentation speech to her at a 
public meeting at the National Musevun in Washington. 

In 1922 1 was C. R. B. Exchange Professor to Belgium 
and was a guest of Mr. Franqui, Belgian industrialist and 
financier, who, as a young man, had been instrumental 
in acquiring for his country the Belgian Congo. He 
told me he was in a position to destroy the United States’ 
monopoly in the production of radium, for, said he, 
“Your poor camotite ore— and there is no other available 
to you — cannot compete with the new rich Congo pitch- 
blende ore, which occasionally runs up to 15 per cent 
uranium metal,” 

Mr. Franqui made good on his boast; and within two 
years the two chief radium-producing companies ia t he 
United States had gone out of business, and the Belgian 
Congo took over the world’s monopoly in the production 
of uranium, holding it for some ten years, when competi- 
tion from the Big Bear Lake uranium mines in Canada 
began to bring down the price somewhat. My memory 
is that the second gram of radium presented to Mma 
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Curie cost but $70,000. But even in 1940-45, 90 per 
cent of all the 1,100 tons of pitchblende ore which was 
purchased by the United States and used in the develop- 
ment of the uranium bomb,- and which was valued as 
raw ore at over two million dollars ($1.00 a pound), 
came from the Belgian Congo.* 

Thus, after fifty years of search by government bu- 
reaus of mines and private individuals and companies, 
there are now but two places in the world from which ura- 
nium ores can be obtained in appreciable quantities. In 
view of that record and the above-quoted abundance 
figures, I do not anticipate that either intelligent govern- 
ments or intelligent individuals will use uranium for any 
major fuel or power purposes. It is too valuable a mate- 
rial for scientific purposes, for public health purposes, 
and for such industrial purposes as require small quan- 
tities (luminous paints, alloys, etc.) to be wasted on ma- 
jor power projects so fuUy provided for by the inexhausti- 
ble supplies of solar energy, past or present. The same can 
be said of practically all of the thirty-six atoms heavier 
than barium, which, as shown by Figure 79, are the only 
demenls capable in disintegration of releasing atomic pack- 
ing-fraction energy. Because of the extreme rarity of 
these elements, wisdom calls for their conservation rather 
than for their use for fuel or power. The foUowing fig- 
ures, taken from the Goldschmidt survey above referred 
to, show how rare they are. Starting with barium, which 
has an abundance in the earth’s crust of 250 parts in a 

* Belgian Congo at War (2d ed.; New York, 1943), and Walter Ford, 
Bdgfan Africans Total War (London, 1942). See also ‘‘News from Bel- 
gium and tke Belgian Congo” (Belgian Information Center, 680 Fifth 
Avenue, New York, August ii, 1945). 
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million, of the thirly-six elements heavier than barium 
there are but six that have an abundance as large as 6.5 
per milli on. These are: tungsten, 69; cerium, 46.1 ; neo- 
dynium, 23.9; lead, 16; tantalum, 15; and thorium, 11.5. 
The abundance of all the remaining heavy elements is as 
follows: Sm, 6.5; Gd, 6.4; Pr, 5.5; Hf, 4.5; Dy, 4.5 ; Ur, 4; 
Yb, 2.7;Er, 2.5;Ho, 1.2; Eu, i.i;Tb,9;Lu,o.8; Hg,o.5; 
Th, 0.3; Bi, 0.2; Tm, 0.2; Au, 0.005; 0 . 005 ; Ir, 0.001 ; 

Re, 0.001; and Os, 0.00 (?). 

The foregoing estimate of the prospects of obtaining 
in the coming decades or centuries any major fraction of 
the world’s power from the fission of heavy elements is 
quite independent of any considerations as to their pres- 
ent market costs. These are determined by the small de- 
mand there has been for them for purposes other than 
power. Any new large demand is, of course, going to 
skyrocket their cost, just as the discovery of any new 
large use of anything instantly steps up the demand and 
skyrockets the price at a rate that is a rapidly rising func- 
tion of its scarcity, unless government steps in, as in the 
case of Austrian pitchblende, and interdicts its use in 
order not to lose a valuable resource. That is why the 
forgoing very recent and very dependable Goldschmidt 
figures on abundance contain the key to the problem. 
However, a few facts about present costs are worth while 
as a starting-point for one’s thinking about the present 
economics of fission power. 

On the very extravagant assmnption that every atom 
of U 235 can be split and its whole packing energy re- 
leased by the capture of a neutron (nothing like this was 
even approached in the use of the atomic bomb), i pound 
of U 235 has the heat value of, roughly, 1,400 tons of 
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coal. (The Smyth report mates it 1,500 tons.) Again, it 
takes 140 pounds of pure uranium metal to contain i 
pound of U 235. It is also exceptionally good pitch- 
blende ore that contains 10 per cent of uranium metal, so 
that it takes 1400 pounds of such pitchblende to contain 
140 pounds of uranium metal. Hence, according to these 
figures, I poimd of pitchblende costing $1.00 has a po- 
tential heat value of i ton of coal costing $6.00. That 
looks like very easy competitioli for the pitchblende at its 
present price. The trouble with this comparison is that 
the coal is ready to be thrown into the furnace just as it is, 
where it quickly delivers up its whole heat content, where- 
as the pitchblende, no matter how it is to be used, must 
be put through, in any case, an elaborate process to have 
the pure uranium metal extracted from it. Further, if 
the objective is to make a bomb,* it must also be put 
through another terrifically expensive process requiring 
huge factory installations in order to effect the very diffi- 
cult separation in quantity of the XJ 235 molecules (or the 
plutonium molecules, for the two problems are essentially 
alike) from the pure uranium me^, 98 per cent of which 
is U 238, before the poimd of pure 235 atoms is ready to 
deliver up its packing-fraction energy under the influence 
of a shower of thermal neutrons. And, evai then, the 
process of heat development may be very inefficient, be- 
cause only a part of the uranium atoms find the neutrons 
which they must dq)aid upon to make their splitting act 
a success. 

I If the objective is merdy to get heat rather thaa to make a bomb, 
this second separation process is not necessary, thus conaderably reduc- 
ing the cost; but, in any case, intelligence demands the conserving, rather 
than the buming-up, of a very rare and very predous resource. 
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But all the foregoing difficulties arising from the scar- 
city of uranium, the great difficulties of processing, etc., 
are just what are needed to make the control of the use of 
fission energy for the purposes of warfare less difficult than 
would at first be anticipated. However uncertain the 
beneficent use of fission energy may be, there is no dis- 
agreement anywhere about the fact that civilization is 
doomed if the use of the atomic bomb in warfare is not ef- 
fectiv^y eliminated. This is not something of doubtful 
feasibility. It is an absolute necessity. If we should 
have to eliminate all the beneficent uses in order to be 
free from the malevolent one, the price to mankind would 
be very cheap, indeed. But that is not necessary. AU 
that is needed is simply to put the complete control of the 
use of fission energy for the purposes of warfare under the 
control of an international commission and to provide 
that commission with an adequate inspection service, to 
which, in the interests of everybody, I hope and believe, 
all nations would agree not only to submit to but to 
assist in. 

I envisage that inspection service as being provided 
with an adequate air force for extending its reconnais- 
sance flights all over the world. It ought to be no more 
difficult to get international recognition of the freedom 
of the air than such a recognition of the freedom of the 
seas. There are now only two places in the world in 
which uranium can be obtained in quantity. Uranium 
for warfare involves collecting it in large quantities. 
That cannot be done in secret if the inspection service is 
given a suitable reconnaissance air service. There are 
only two places to watch now^better, two mines that need 
now to ie internationally controlled-^-aaxd the foregoing 
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history gives good assurance that, though others may be 
found, there never will be many localities in which 
uranium can be obtained in large quantities. 

Uranium bombs cannot be prepared without very 
large installations. Let all the small-scale experimenting 
that is desired be permitted; but large-scale production 
and large processing plants woxald always be suspect, and, 
if the inspection service found large-scale undertakings 
starting anywhere, all the nations of the world would be 
at once called upon to put a stop to them. 

Call this “world government” if you wish; but if the 
job is wisely done, it would be world govemmrait of very 
limited powers — a world commission charged with the one 
responsibility of seeing to it that no atomic bombs are 
produced anywhere that might be used for the purposes 
of war. Something not greatly diSerent from this must 
be done; and, when it is done, a new world will have been 
horn. Nothing that atomic fission energy can ever do 
will be at all comparable with the service to mankind 
that the atomic bomb, as everyone can now see, has made 
possible. 



CHAPTER XVII 


GEOMAGNETIC STUDIES IN COSMIC RAYS AT 
LOW ALTITUDES, 1920-36 

I. EARLY EVIDENCE AS TO THE PROPERTIES OF 
COSMIC RAYS 

Up to the present no assumption whatever has been 
made as to the nature of the cosmic rays. The energy 
considerations presented in chapter xiv are equally ap- 
plicable to aU theories as to their nature. Their very 
hi^ penetrating power, however, suggests at once their 
k i nsh ip with the gamma rays instead of with the beta 
ra3rs since at the highest measured energies (2.6X 10* elec- 
ton-volts) the former have, for a given energy, a pene- 
trating power of the order of a hundred times that of the 
latter. Something like this ratio seems to hold also in the 
cosmic-ray field, for it will presently be shown quite 
definitely that it takes an energy of about 6 billion (10’) 
electron-volts to enable an electron’s influence to reach 
sea level. To find, then, primary incoming charged par- 
tides which have penetrated down to depths beneath the 
surface of a lake equivalent to a thickness of from 10 to 30 
atmospheres, where our exp)eriments and Regener’s re- 
vealed traces of the rays, is well-nigh unthinkable. From 
the start the photon hypothesis seemed required to get 
such enormous penetration without calling upon impossi- 
bly large energies, namely, up to 30X6 or 180 billion elec- 
tron-volts. But with a penetrating power of the order of 
a hundred times that of electrons, the two- or three-billion- 
volt photons, such as must have produced the showers of 
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Figures 63 and 64, would be able to reach down as far as 
could 2oo-billion-volt electrons, i.e., down to the depths at 
which we actually find traces of these rays. The great 
penetrating power, then, of the cosmic rays seemed at 
once to ally them to the gamma rays. 

But there is another and a still more important 
parallelism between cosmic rays and gamma rays which 
was brought to light by the work of Hoffmann,' Millikan' 
and Cameron, and Compton, Bennett, and Steams® be- 
tween 1927 and 1931. The observation as made by 
Hoffmann and Millikan and Cameron in 1927 and 1928 
was that when the pressure in a ^ven electroscope was 
raised from i atmosphere of air to 30 atmospheres, al- 
though the ionization current was thus multiplied but 
some 14 times instead of 30 times, this multiplying factor 
of 14 was the same for the gamma rays of radium as for the 
cosmic rays. Bowen and Millikan' then proved that the 
reason the multiplying factor was but 14 instead of 30 
was that with the high pressure 16/ 30 of the ions formed 
had recombined before the electric field could separate 
them and carry them to the electrodes; and the fact that 
this same factor held for the gamma rays as well as the 
cosmic rays meant that the mechanism of ionization had to 
be the same in both cases. But since gamma rays are 
known to ionize only through the mechanism of the secon- 
dary high-speed electrons or beta rays whidi they send 
across the dbiamber, the conclusion could be drawn with 

I Hoffmann and Lindholm, Gcrlands Beitr.y XX (1928), za; also 
Zeitf, Physik., LXIX (1931), 704- 

a Millikan and Bowen, Nature., CXXVXCC (1931), 5S21 Millik a n . 
Phys, Rev., XXXIX (1932), 401. 

s Compton, Bennett, and Stearns, Phys. Rev.. XXXVHI (1931), 

1565- 
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■conaderable confidence that ike cosmic rays also ionize 
mainly through the mechanism of free “electron shots” which 
they cause to pass through the chamher. Very important 
consequences ■will later be drawn from this type of paral- 
lelism between gamma rays and cosmic rays — a parallel- 
ism that Neher and I have roughly tested directly or in- 
directly clear up to altitudes of 60,000 feet. 

But the most direct e'vidence that the immediate 
ionizing agent in all cosmic-ray ionization is either a free 
positive or a free negative electron and not in general a 
proton or any other heavy nucleus comes from a study of 
the thousands of photographs of cosmic-ray tracks that 
we have taken. Only electrons and photons can possibly 
produce the type of effects sho-wn in Figures 59, 60, 61, 62, 
63, and 64. These show a continuous gradation in energy 
as measured by curvature from a few million electron- 
volts up to a billion without the slightest trace of a differ- 
ence in ionization between positives and negatives, such 
as in this range of curvatures is very pronounced between 
electrons and heavier charged bodies, such as nuclei of any 
sort. Nothing but electrons (+ and — ) can have the 
combination of cmrature and range, to say nothing of 
ionization, here shown. Further, if the Newtonian laws 
of encounter hold, protons, neutrons, or other hea'vy par- 
ticles cannot transfer energies of millions of electron-volts 
to electrons such as we find in a great many of our photo- 
graphs. In the early study of our plates we had found 
only two tracks that seem to be those of protons (Fig. 54). 
Whatever then the nature of 'the original cosmic rays it 
will henceforth be with us a fundamental assumption that 
the immediate ionizing agent is, in the main, a free *‘1'*''- 
tron (-1- or — ). 
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H. EARLY EXPERIMENTS ON THE LATITUDE EFFECT 

Whatever the nature of the primary cosmic rays them- 
selves, it was to be espected that there would be some 
electronic component of the rays entering the earth from 
the cosmos. For whenever in thdr travel throng space 
they have gone throu^ matter, even though in the cre- 
ative act they were sent forth as pure photons, they have 
necessarily produced secondary electron rays such as we 
find them produdng in our terrestrial electroscopes, so 
that there is no existing theory of the origin of the cosmic 
ray that does not require, once the existence of cosmic 
ray photons is postulated at aU, that space be traversed 
both by these photons and by the secondary electrons or 
other particles which these photons have produced in 
their billions of years of joumeyings through the universe. 
Also, since the observed uniformity of distribution of the 
rays means that if they originate as photons these must 
traverse space uniformly in all directions, it of course fol- 
lows that the secondary dectrons which they have pro- 
duced must also traverse space imiformly in all directions. 
In other words, the rays which enter the earth must in 
any case be* a mixt ure of photons and extra-terrestrial 
secondary dectrons or dse of electrons alone if the photon 
hypothesis is entirdy barred out, and the only question 
that is left for esperiment to settle is what fraction of the 
inflowing energy is carried by the photons and what by 
the electrons. 

It was predsely these considerations that led to the 
first effort to detect the effect of the earth’s magnetic field 
on the intensity of the cosmic rays. This was made in 
the summer of 1926 when Millikan and Cameron took 
three electroscopes on a voyage from Los Angdes to Mol- 
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lendo, Peru. We anticipated a diminution in the cosmic- 
ray intensity as we moved from Los Angeles into the 
equatorial belt and over the magnetic equator. We had 
discussed this ejcpectation before the American Physical 
Society meeting in Pasadena in the autumn of 1925 ; spent 
the winter building and testing three new electroscopes to 
be used especially on the voyage to South America ; and in 
the summer of 1926 embarked for MoUendo, Peru, and 
took continuous readings in the radio room on the top 
deck, night and day, on two of our electroscopes (the third 
proved too responsive to the ship’s vibrations to make de- 
pendable readings possible) during the sixteen days of 
the voyage to MoUendo. Vnforkmately, howeoer, we were 
able to take readings only from the end of the second day out. 

At Balboa we took all three of our electroscopes out 
into a rowboat in the harbor and took readings there on 
all of th^ for twenty-four hours so as to make sure that 
we were free from any possible radioactivity of the mate- 
rials around our position on the top deck of the ship. 

Our cosmic-ray electroscopes were the relatively 
crude ones of that day, and we estimated that the error 
in the telative cosmic-ray intensities in the dMerent lati- 
tudes traversed might be as much as 6 per cent. So, in 
our presentation in September, 1927, of the results of this 
voyage in a public address at the meeting of the British 
Association for the Advancement of Science in Leeds’^ we 
wrote as foUows: “If then there are any geographical dif- 
ferences in the altitude ionization curve” at sea level or 
above, “they are beyond the limits of our present observa- 
tional technique,” estimated in this and other articles® at 
6 per cent. 

* Nature, CXXI (1938), 21. » 


Pkys. Rev., XXXI (1928), 170. 
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As a matter of fact, there is a decrease of 7 per cent in 
sea-level cosmic-ray intensily in going from Los Angeles 
to MoUendo, as we proved by most careful and repeated 
experiments in 1932* and 1933, so that we were wrong in 
not bringing any effect to light in 1926. We should have 
done so even with our insensitive electroscopes of that 
day had we not had the misfortune to have started our 
voyage just at the critical latitude where the reduction in 
intensily in going south begins to set in strongly, and then 
had been unable to get our instruments set up and work- 
ing until second day out, when we were over 6cx5 miles 
south of that latitude — so far south, indeed, that more 
than 60 per cent of the total drop in intensity in going 
from Los Angeles to the equator had already taken place. 
The change from that point on was, in fact, so small as to 
be quite beyond the sensivitivity of our instruments. 
We missed the sea-levd effect on this trip, then, just be- 
cause of the necessary delay at the very start of the voy- 
age in getting the instruments going. On the moimtains 
of Bolivia we did, indeed, get and record, in our published 
work, readings from 10 to 20 per cent, even up to 30 per 
cent at very high altitudes, lower® than we had obtained 
in the northern latitudes with the same instruments; but 
both on accoimt of our imcertainties as to the shielding of 
adjacent mountains and possible electroscope leaks, we 
explained these differences away and drew one mean 
curve through all our northern and southern honisphere 
points, treating the divergences as observational uncer- 

' See R. A MiUikan, Phys. Ret., XLITI (1933), 668, for fufler dis- 
cussion. 

* See paxticulaxly, p. i66, the Muir Lake point at 7.85 meters. It is 
II per cent above the drawn curve, just as we now know it should be. 
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tainties. Actually, if, iustead of doing this, we now draw 
two smooth curves through the recorded points, we ob- 
tain practically the same percentage differences shown in 
the two lower curves of Figure 82. We did not do this 
because we trusted our much more prolonged and depend- 
able sea-level readings; and for several years thereafter, 
in order to accoimt for the apparent absence of a latitude 
effect, we made erroneous hypotheses as to the practically 
exdusivdy photonic nature of the incoming rays. The 
actual bringing of the looked-for effect to light came 
about thus: 

In an article dated December 17, 1927, Professor J. 
Clay made a qualitative report* of a latitude decrease 
between Amsterdam and Batavia; in another article, 
dated November, 1928,* he gave the numerical value of 
the cosmic-ray ionization as 1.49 at Leiden and 0.82 at 
Singapore, a 45 per cent diange; and in a later article, 
dated September 30, 1930,* he modified these ionizations 
to 1.24 at Amsterdam and 0.93 at Singapore, still a 25 per 
cent differaice. Furthermore, a long series of observa- 
tions taken in 1928 on the “Carnegie” under the direction 
of Dr, Gish in equatorial, temperate, and northern lati- 
tudes in the Pacific were reported to me privately by him 
(sincel had helped him in calibrating his instruments), and 
seemed, with some uncertainty, to indicate a 5 or 6 per 
cent lower equatorial value than was found in the more 
northerly latitudes. Stimulated by the diversity in these 
reports, as well as by the foregoing theoretical considera- 
tions, which seemed to demand at least some electronic 

* Froc, Roy, Acad,, Amsterdam, XXX (1927), 1115. 

^Ihid., XXXI (1928), 1091. 

^ihid,, xxxni (1930), 711. 
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component in the cosmic rays, and having by this time 
developed pressure electroscopes a dozen times more sen- 
sitive than our earlier ones, in the summer of 1930, with 
a sensitive high-pressure electroscope I made a careful 
series of readings at Pasadena (mag. lat. 40? 7) of some 
weeks’ duration, then transported the same electroscope 
to Chur chill , Manitoba (mag. lat. 69?7), and, keeping the 
room in the small wooden house in which I worked at 
Churchill at practically the same mean temperature as at 
Pasadena, I foimd the mean value of a week’s reading 
taken there the same as at Pasadena, with an error which 
I estimated could not, in this case, be more than i per 
cent. I had thus gone south at sea level from Pasadena 
to beyond the equator and north to a point reasonably 
close to the north magnetic pole without bringing to light 
any effect of the earth’s magnetic field on incoming elec- 
trons at all, though the southerly measurements had never 
been claimed to be better than 6 per cent in accuracy. 
The measurements from Pasadena northward, however, 
had been done with such care and represented means 
taken over such long periods of time that I was quite con- 
fident as to their accuracy. Also, they were in agree- 
ment with the results obtained in the same summer (1930) 
by Bothe and Kolhdrster,* who had started from Ham- 
burg and had taken continuous readii^s with counters as 
they voyaged northward between geographical latitudes 
53° N. and 81° N. without finding a sea-level latitude 
effect.' 

Fiurther, in 1930 I had asked Professor Paul Epstein 
to work out quantitatively the expected dffect of the 
earth’s magnetic field on incoming electrons of very high 

* Bothe and KolhSrster, Bediner Berickte (1930), p. 450. 
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energy, such as a billion electron-volts; and he had ob 
tained the result published briefly in December, 1930, 
that electrons of that energy should come in only nortl 
of a certain critical latitude, Xa, while for all latitude; 
north of a second near-by latitude, Xi, they should com( 
in so as to form a “polar cap” of uniform intensity. 
These two critical latitudes, X* and X,, would, of course 
move south if the energy of the incoming electrons wen 
assumed to be greater. Also, if the energies were variabh 
over a considerable range, the uniform sea-hiBel polar cap 
would have to set in at the value of the incoming electror 
energy, which was just sufficient to enable the effects of tht 
incoming electrons at Xa to reach down to sea level through 
the resistance offered by the atmosphere. For lower ener- 
gies than this the polar cap would begin farther north: 
but because of the absorption of the atmosphere it would, oj 
course, be necessary to go to altitudes above sea level to bring 
it to light, since the energy required to get through the 
earth’s magnetic field would here be smaller than tihe en- 
ergy required to reach down to sea level. In other 
words, if there were cosmic-ray electrons trying to reach 
the earth’s surface, there were two whoUy different types 
of influences tending to prevent their arrival; First, the 
earth’s magnetic field always exerts a force upon them at 
right angles to the direction of their motion and diverting 
them from the earth unless their energies were sufficient 
to overcome that tendency. But, second, if they sue- 

* Epstein, Proc. Not. Acad, Sci,, XVI (1930), 658. 

® ImpKcitly these magnetic-field results were contained in the earlier 
work of StSnner. However, Epstein, in his unpublished seminar address, 
treated, I think for the first time, the combined influence of the field 
and the atmosphere. 
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ceeded in getting through this blocking effect of the field 
(which reaches out into space thousands of rtules) and in 
getting down to the top of the atmosphere (which is only 
say 20 miles thick), they still could only begin to reach 
sea level at a latitude far enough south so that the dissipa- 
tion of their energy in getting down to sea level through 
the atmosphere is just equal to the energy with which 
they strike the atmosphere, i.e., the energy which at this 
latitude just enables them to get through the earth’s mag- 
netic field. 

These conclusions from Epstein’s analysis, familiar to 
all the workers at the Norman Bridge Laboratory from 
the autumn of 1930, explained why, even if there were 
some electron component in the incoming cosmic rays, I 
had found such surprising and predse constancy in sea- 
levd cosmic-ray intensities everywhere between the lati- 
tude of Pasadena (mag. lat. 41*^ and regions dose to the 
north magnetic pole. Guided, then, by these computa- 
tions of Epstein’s, which showed that it ought to be much 
easier to bring to light a latitude effect on incoming elec- 
trons at high altittides than at low, in the autumn of 1931, 
before any geographical cosmic-ray surveys other than 
those already noted (viz., those by the “Carnegie,” Clay, 
Bolhe-Kolhorster, and oursdves, had been made or, so 
far as I was aware, projected), I made application to the 
Carnegie Corporation of New York for funds for the de- 
velopmait of spedal iostruments especially adapted for 
mflkiTig an accuraie high-altitude airplane survey, up to 
this time not attempted by anyone anjrwhere. 

The development of a vibration-free, self-recording 
cosmic-ray electroscope for accurate work on a moving 
platform, and which was actually found to y idd as good a 
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record in a diving airplane, a running automobile, a speed- 
ing train, or a tossing ship as in the laboratory, was large- 
ly the work of Dr. H. Victor Neher. With the aid of 
this instrument (see Fig. 8o), taken up to an altitude of 
29,000 feet through the courtesy and generous assistance 
of Colonel (now Greneral) Henry H. Arnold and the other 



Feg. 80. — ^Dr. H. Victor Neher’s vibration-free self-recording electro- 
scope whidi whoUy unattended by skilled observers of any sort 
automatic records of cosmic-ray intensities in airplanes up to 29,000 feet, 
in stratosphere balloons up to 62,000 feet, and in world-endrcling voyages 
of three months’ duration on Dollar lone and Matson line ships; 

officers of the United States Air Corps at March Field, 
near Rivorside, California, we first got the record of the 
cosmic-ray intensities at this latitude, as shown in Figure 
81. The instructions to the pilot were to rise to an alti- 
tude of 15,000 feet, to then level off for an hour, then to 
rise to 22,000 feet and there level off for another hour, 
then to rise to 29,000 feet and repeat there the leveling- 
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off operation. In the summer of 1932 Bowen, Neher, 
and I took this instrument to Cormorant Lake in north- 
ern Canada, where the Royal Canadian Air Force as- 
sisted us in making similar flights up to altitudes of 2 2,000 
feet. Dr. Neher and I then supervised similar, most skil- 
ful flights made for us at Spokane by Captain (now Gen- 



Fig. 81. — ^Record of the rates of ionization in an airplane flight at 
March Field (near Pasadena, California) made in April ’33. 

eral) Breene of the National Guard. Dr. Neher then, in 
the fall of 1932, took the same instrument to Peru, and got, 
both coming and going, an accurate sea-level record as a 
check on our 1926 much less sensitive readings. At Pan- 
ama, through the orders of General Falois, Chief of the 
Army Air Corps, a flight to 22,000 feet, similar to that al- 
ready made at Cormorant Lake and Spokane, was ar- 
ranged for; and in Peru a ship of the Pan American Air- 
ways, flying between Ariquipa and Lima, flew at 19,000 
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feet, both coming and going. In all these flights the true 
altitudes were recorded on our own barograph, officially 
calibrated for us at the Bureau of Standards in Washing- 
ton and checked by us in our laboratory at Pasadena. 

Before these observations had been completed, Pro- 
fessor A. H. Compton"^ had begun a resurvey of cosmic- 
ray intensities conducted on the earth’s surface and had 
reported that he and his collaborators had checked Pro- 
fessor Clay in finding a sea-level equatorial dip in crossing 
the equator, in his case on the west coast of South Amer- 
ica and in the Pacific, the published amount of the sea- 
level dip being i6 per cent. He also reported a consider- 
ably larger equatorial dip in his observations on moim- 
tains. Also, in returning from Peru to New York in De- 
cember, 1932, the foregoing new Neher electroscope re- 
corded a 6.8 per cent equatorial sea-level dip between 
MoUendo and New York. This brought all sea-level ob- 
servers into agreement in the essential point of finHing a 
small equatorial dip in the cosmic-ray intensities, no mat- 
ter from what point on the coast of the United States, 
east or west, in the north temperate zone one starts south 
across the equator to Peru. The differences in the numer- 
ical values of this dip, at first surprisingly large, rapidly 
became narrowed down and are no longer a subject of 
uncertainly. They are not now of any fundamental in- 
terest save as another illustration of how inevitably the 
scientific method of approach reveals the difference be- 
tween a right result and a wrong result, or even a correct 
theory and an incorrect one, and renders further dispute 
impossible among men who have learned to be guided by 
facts rather than by preconception and prejudice. 

I Compton, Phys. Rev., XLI (1932), iii; XLIII (1933), 387. 
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in. RESULTS or AIRPLAI^E SURVEY OF THE LATITUDE 
EFFECT IN COSMIC RA.YS 

In 1932 the high-altitude airplane latitude survey of 
Bowen, Millikan, and Neher^ brought to light, however, 
some new facts, the "understanding of which is of funda- 
mental importance for our later attempts at the general 
interpretation of cosmic-ray phenomena. Thus, al- 
though in new observations made in the summer of 1932 
Millikan and Neher got no measurable diSerence at all 
in sea-level intensities in going by sea from Pasadena to 
Seattle and Vancouver (see Table XV, in which we have 
estimated i per cent as the limit of our observational im- 
certainty^), yet the airplane flights taken at March Field 
(mag. lat. 41® N., near Pasadena) and Spokane (mag. lat. 
54® N.) up to 22,000 feet (4.5 meters of water from the 
top) show imambiguously (Fig. 82) a difference increasing 
with increasing altitude, as Epstein’s analysis predicted, 
and a s imil ar and very much larger difference between 
Panama and either March Field or Spokane. These dif- 
ferences are also in reasonably good agreement with the 
moimtain-peak observations made by both Compton and 
ourselves in Peru and the United States, so that there is 
no question at all about their general correctness. 

But by far the most significant results of the airplane 

* First reported briefly in December, 1932; see Fhy$> Rev., XUH 
(1933), 661-69; also, Phys, Rev., XLIV (1933) > 246, and Proc. InU. Ccnf, 
Physicsy Vol. I, Nudear Physics (London, 1934) > p- 210, 

* A new set of careful sea-level observations by Compton and Turner 
between Vancouver and Sydney, analyzed and summarized by Thompson 
in Phys. Rct., UI (1937), i4i> is in substantial agreement with all our 
sea-level measurements within the limits of our estimated imcertainty, 
namely, about i per cent between Vancouver and Pasadena, with a very 
rapid decrease in intensily, amounting to more than 4 per cent in going 
500 miles south of magnetic latitude 41®- 
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survey not obtainable from measurements by other ob- 
servers were (i) the absence of any difference at all be- 
tween the depth-ionization curves up to altitudes of 22,- 
000 feet taken at Spokane and at Cormorant Lake and 

TABLE XV 


FIve-Day Study of Sea-Level Variations of Cosmic-Ray Inten- 
sities Between Victoria, B.C., and Los Angeles 



Electroscope No. i: 

Unshielded 
(Ions Cc. per Sec.) 

Electroscope No. 2: 

Shielded (iz Cm. Pb) 

Lat. 

4-Hour 

Means 

i2-Hour 

Means 

Lat. 

Long. 

Mag. 

Lat. 

i2-Hoiir 

Means 

In Seattle Har- 
bor 

47 ?S 

48.4 
47.22 

44.4 
41.6 

390 

37 5 

’37.5 
36 8s 
34.8 

39 -SS 

39 -43 
39-53 
39-67 
39-69 

39-34 

39.82 

39-61 

39 -65 

39-63 

39-58* 

39-45 

39-53 

39-67 

39-69 

39-33 

39.82 

39.61 

39-65 

39-63 

47?5 
48.3 
46 5 
44-0 
41 0 

37.5 

36.0 

34.0 

122 W. 

123 W. 

124 W. 
I24W. 
124W. 
122 W. 
122 W. 
II9W. 

53^5 N. 
54 3 N. 
52 S N. 

50.0 N. 
47 0 N. 

43.5 N. 

42.0 N. 

40.6 N. 

24.60 
24 71 
24.65 
24 78 
24 49 
24-791 
24 57 ^ 
24 451 

In and near Vic- 
toria 

At sea 

At sea 

At sea 

At sea 

In San Francis- 
co harbor . . 
In San Francis- 
co harbor. . . 
At sea 









At sea 





Mean 






39-60 





24.63 






* Eight-hour average, 
t Nine-hour average. 


(2) the similar absence of any difference between the 
curves taken at Panama and in Peru. This last mparig 
that there are no new charged particle rays, whether free- 
electrons or protons, coming in even at altitudes up to 19,- 
000 feet, between the magnetic equator in Peru and 20° 
N. niag., thus checking between these latitudes our sea^ 
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Fig. 82.— The striking element in these curves (shown in chapter 
XX to be of greatsignificance) is that the intensities at 4° N and 20* N are 
Ueniical all the way up as are also those at 54° N and 63® N. 
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level findings of both 1926 and 1932. The fiirst of the fore- 
going results will repay more careful consideration. 

It clearly means that Epstein’s polar cap of imifonn 
cosmic-ray intensities exists at an altitude of 22,000 feet 
down as far as to the latitude of Spokane in precisely the 
same way as my Pasadena-Churchill observations showed 
that the Epstein sea-level polar cap of uniform cosmic-ray 
intensities extends down to the latitude of Pasadena. So 
far as sea-level effects are concerned, immediately south 
of Pasadena, as shown by our very careful and prolonged 
sea-level measiurements as well as by measurements pub- 
lished by Compton and others, a critical latitude is 
reached at about 41° N., at which in going south a reduc- 
tion in the intensity of the sea-level rays begins to set in, 
a reduction which reaches a value of some 7 per cent by 
the time Panama is reached, after which the intensity is 
substantially constant down to the magnetic equator. 
The beginning of a reduction at about magnetic latitude 
41° means that the electrons which at this latitude are 
just able to get through the blocking effects of the earth’s 
magnetic field have also just enough energy in some way, 
direct or indirect, to throw their influences down to sea 
level and produce ionization there. No electrons of low- 
er energy than these can throw their influences down as 
far as to sea level, so that the effects of all the lower en- 
ergy electrons that can get through the blocking effect of 
the earth’s magnetic field north of about latitude 41® are 
absorbed somewhere in the portion of the atmosphere 
above sea level. The electrons that have the energy both 
to get through the blocking effect of the earth’s magnetic 
field and to throw their influences down to sea level of 
course get through both resistances north of 41°, just as 
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they do at 41°, and thus produce the polar cap of uniform 
intensity predicted by Epstein’s analysis of 1930 and 
worked out with much greater elaboration by Lemaitre 
and Vallarta in 1933* and later. According to most of the 
experimental work that had been done in this region, this 
cosmic-ray shdf, or discontinuily, that sets in at about 
41°, near Los Angeles, is reasonably sharply marked.* 
According to Lemaitre and Vallarta, the mean energy of 
the electrons that begin to be cut out in considerable num- 
bers by the blodring effect of the field as one moves 
through latitude 41° toward the magnetic equator is 
about 6 bUlion electron-volts, so that the range of the in- 
fluence of 6 billion electron-volts may be taken as roughly 
I atmosphere.’ 

. By the same method, the mean energy of the electrons 
that should begin to be cut out in considerable numbers 
by the blocking effect of the field at the latitude of Spo- 

* Lemaitre and Vallarta, Phys. Reo., XLHI (1933), 87. 

® Dr. Neher and I have discovered, by repeating six times in the 
years 1938 and 1939 the voyage between Los Angeles and Vancouver, 
that it is only in s umm er that there is no difEerence in sea-level intensity 
between these points. In winter the sea-level intensity at Vancouver 
seems to be some 2 or 3 per cent higher than at Los Angeles, while at the 
latter point the winter and summer intensities are the same. This kind of 
a seasonal effect, or “atmospheric-temperature” effect, has been report- 
ed earlier by Corlin, Hess, Compton, and others. It is satisfactorily in- 
terpreted, foUowmg Blackettis suggestion {Phys. Rev., LIV [1938], 973), 
in terms of the downward movement of the stratosphere in winter, thus 
enabling secondaries formed in the upper atmosphere better to extend 
their influence down to sea level in winter than in summer. 

3 From a study of Lemaitre and VaJlarta’s curves I have usually 
taken this critical energy as 6 billion electron-volts. Dr. Neher, after 
very much more careful study, using the very elaborate results of Le- 
maitre and Vallarta, places the most probable energy at 5.6 billion 
electron-volts. 
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kane (54® N.) is 2.4 billion electron-volts. The signifi- 
cance of the fact that the depth-ionization curve at Spo- 
kane is the same as at Cormorant Lake is found, then, in 
the proof that it furnishes that, just as incoming electrons 
of an energy of 5.6 billion volts or more create a polar 
cap of constant intensity at sea level which extends down 
to the neighborhood of latitude 41°, so incoming electrons 
of energy somewhere near 2 . 4 billion electron-volts create 
at 22,000 feet a polar cap of constant intensity which ex- 
tends down at least as far as to the latitude of Spokane 
Another way to state this is that the range of the influ- 
ence of 2,4-biUion-volt incoming electrons is about 4.5 
meters of water, or 0.45 of an atmosphere. If the range 
is proportional to energy, then the range for i atmosphere 

would come out = 5.3 billion electron-volts, quite 

045 

dose to where we found it from the data at latitude 41®. 

The foregoing considerations appear quite definitely 
to justify the condusion that, at least m the range of en- 
ergies involved, the distance through the atmosphere to 
which the influences arising from incoming charged par- 
tides can penetrate are proportional to the inddent ener- 
gies, or at least vary not less rapidly than the first power 
of those energies. This is a property characteristic of 
partides possessing “a range.” Alpha-partides or beta- 
partides passing through gases lose energy in this way, as 
do any partides which fritter away their energy uniform- 
ly along their paths — ^for example, by making a more or 

* So far as these experiments are concerned, the polar cap of constant 
intensity at 22,000 feet might extend a few degrees south of Spokane, 
though not many; and, in fact, experiments to be discusse 4 later fix it 
fairly close to that latitude. 
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less constant number of ions per centimeter of ion track, 
such as one sees in a Wilson doud chamber. In general, 
partides that lose energy in that way follow approximate- 
ly a so-called “mass-absorption law,” which means tijdx 
in going through media of different densities thejd^ of 
energy per centimeter of path traversed by th^moving 
partide is proportional to the density of the medium 
traversed. The reason that low-energy charged-partide 
rays in general follow more or less perfectly this law is 
that the number of dectrons they meet in going a centi- 
meter in different media is nearly proportional to the 
density of the m euimn. — But - Ih e law of absorption, con- 
cerning which we are talking, is just the law which seems 
to be followed by the cosmic rays when we experiment 
upon them in the neighborhood of sea level. Thus, 
Millikan and Neher took up in army bombers at March 
Fidd dectroscopes surrounded by varying thicknesses, 
up to 16 cm., of aluminum, iron, and lead, and found the 
relative absorptions in these substances approaching 
with inaeasing thickness the mass absorption law, as 
Hoffman and Steinke and their pupils* had found earlier. 

In a word, then, the two polar caps of uniform cosmic- 
ray intensities — ^the one brought to light by a sea-levd 
Igtittrairsurvey and terminating just south of Pasadena, 
the other brought to light by the high-altitude airplane 
surv^ at 22,000 feet and terminating in the general lati- 
tud^^of Spokane — are both entirdy in accord with a con- 
siderable group of other properties possessed by the pene- 
trating component of the cosmic rays. 

On the basis of the curves of Figure 82 we can now di- 
jdde the incoming cosmic rays into two parts, viz., the 

* See, e.g., Tielsdi, ZdUchr.f. Phys,^ XCn (1934), S^Q. 
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non-field-sensitive part, producing all the equatorial ion- 
ization (lowest curve), and the field-sensitive part, pro- 
ducing the ionization above that shown by the lowest 
curve. This last is, of course, due only to the direct and 
indirect influence of incoming extra-terrestrial electrons, 
the word “electron” being here used in its original, etymo- 
logical, and most authoritative sense of the unit electrical 
charge (see p. 26). In the energy range of billions of 
electron-volts, in view of the relativity increase in mass, 
the effect of the earth’s magnetic field is practically the 
same upon free electrons (negatrons or positrons) as upon 
protons, so that electrons— whether free or bound to the 
H nucleus — would get in at the same latitude. 

IV. THE DISCOVERY OR THE LONGITUDE EFFECT 
IN COSMIC RAYS 

Although many people, from 1925 on, were expecting 
and looking for a latitude effect in cosmic rays, nobody 
apparently ever thought of looking for a longitude effect 
before it was discovered in January, 1934 ; and it is a com- 
mentary on the accuracy of sea-level cosmic-ray measure- 
ments up to that time that it was missed so long, for it is 
not at all a minute effect. It was discovered quite inde- 
pendently by Clay and by Millikan and Neher, but to 
Clay goes the priority of publication. This was made in 
a brief paragraph m the March, 1934, number of the 
Dutch journal Physica, as a result of differences which he 
observed iu the equatorial dip iu two voyages made in 
1934 between Amsterdam and Batavia — one through the 
Suez Canal, the other around the Cape of Good Hope. 
Without any knowledge of Clay’s work or publication, 
we made our first public announcement at the meeting 
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both of the National Academy of Sciences and the Physi- 
cal Society in April, 1934. 

In our case, it was not a discovery made all at once. 
We had been collecting the data for it since the autumn 
of 1932. The sequence of events leading up to it had to 
do with the development of accuracy in our sea-levd 
measurements. By two trips on different ships in De- 
cember, 1932, and January, 1933, we had fixed the equa- 
torial dip between Los Angeles and Peru at 7 ± i per cent, 
as measured by a sensitive “Neher electroscope” sur- 
rounded by a 10 cm. lead shield. Other observers were 
at this time reporting it as 16 per cent between these same 
two localities. 

In August, 1933, Dr. Neher and I placed" Hlis same 
self-recording instrument in the captain’s room (inside 
its 10 cm. lead shield) on the Dollar Line ship “President 
Garfield” ; and three months later, after her return to Los 
Angeles, following her world-cruise to the China coast, 
Singapore, the Red Sea, through the Mediterranean and 
the Atlantic to New York, and back to Los Angeles via 
Panama, we removed and developed at Pasadena the 
film and found a good record until New York was 
reached. This record revealed to us (January 10, 1934) 
the- “longitude effect.”' For, while the equatorial dip in 
going from Los Angeles to MoUendo had been 7± i per 
cent, in going to Singapore from Kobe and Shanghai it 
was 12 ± I per cent, or nearly i . 8 times as large. 

From our point of view, this discovery was important 
because it showed that another dement in the interpreta- 

* A letter from Professor J, Clay, of Amsterdam, informs me that it 
was discovered independently by him on a vo3^e to Batavia from Sep- 
tember, 1933, to January, 1934, very briefly referred to in Physica, March, 
1934, and more fully in ibid,, August, 1934. 
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tion which we had thus far placed on cosmic-ray phenom- 
ena was wrong. The simplest way to account for the 
non-field-sensitive part of the cosmic-ray effects was to 
assume that it was practically all due to incoming pho- 
tons, and this was the view that I had consistently ad- 
vocated up to this time. The discovery of the longitude 
effect in the equatorial belt itself showed two things: first, 
that the earth’s magnetic field, even at great distances 
above the surface — say 5,000 miles — ^is not symmetrical 
with respect to an axis passing through the center of the 
earth but has a decided lopsidedness; and, second, that 
at least enough dectrons to account for the longitude ef- 
fect must enter the earth with so great an energy as to be 
able to break through the blocking effect of the earth’s 
fidd even at some places in the equatorial belt. In other 
words, a fraction, at least, of the non-field-sensitive por- 
tion of the cosmic rays, as determined by the latitude 
effects, must be dectronic in nature. This was a funda- 
mental point. 

But in view of the differences that had been obtained 
by different observers in the measurement of the sea-levd 
latitude dlect, in January, 1934, we placed one of our sdf- 
recording dectroscopes on Captain Allan Hancock’s 
yacht, the “Valero III” and sent it with him on a thlee- 
month’s cruise to Guayaquil and the islands off the coast 
of Ecuador. It required no attention save to have the 
dock woimd once in two days. Because of the fact that 
Captain Hancock stopped for three separate weeks at dif- 
ferent ports in the equatorial belt and also for nine days in 
the Los Angdes harbor, the mean intensity in each one of 
these points, as well as in intermediate latitude:^ where his 
three-day stops were made, was determined with much 
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Fig. 83.— -The camera will take a loo-foot reel of 35-mm. motion- 
picture film which is driven at a constant rate past the slit by a power 
clock. Changeable gears allow various rates of film speeds to be used, 
depending on the expected ionization. 



Fig. 84. — ^An ii-cm. lead shield protected by a i-inch shell of cast 
iron has been used for most of the survey to insure freedom from local 
variations in radiation. 
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greater accuracy than had theretofore been attained. 
Figures 83 and 84 show the apparatus and Figure 85 a 
bit of the developed film. The rate of discharge during 
an hour’s run is given by the slope of each diagonal line 



of this film. The mean of 24 of 
these slopes gives the mean in- 
tensity for that day; and the mean 
of 24X7= 168 slopes, the mean for 
a week. In the upper curve of 
Figure 86 is shown the final graph 
of Captain Hancock’s results. It 
is true that along this upper 
smooth curve are found also the 
readings obtained on other trips; 
but the findings on board the 
"Valero HI,” easily distinguish- 
able, were given peculiar weight 
in the fixing of the upper curve. 
The readings in Los Angeles 
harbor were nearly i per cent 
lower (see Fig. 86) than the mean 
of the readings Dr. Neher and I 
took between Los Angeles and 
Seattle and also in New York, so 
that the total equatorial dip re- 
ferred to Los Angeles is just over 
7 per cent, while, referred to the 
mean values farther north, it is, 
as shown, very dose to 8 per cent. 

To see whether the sea-level 
variations between Mollendo, 
Peru, and the United States were 



lO CM. 
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different for an unshielded electroscope and one sur- 
rounded by a lo cm. shield of lead, in May, 1934, Dr. Serge 
Korff, -who had been making observations with our record- 
ing electroscopes in Peru, brought one of them unshielded 
from MoHendo to Los Angeles. The equatorial difference, 
referred again to the foregoing mean value, is here found 
to be 8.2 per cent. We thus now have the results of three 
different trips from MoUendo to Los Angeles and one 
more from New York through Panama to Los Angeles, 
and they all yield with great consistency and precision an 
equatorial dip in this region of 7 ± i per cent referred to 
Los Angeles, 8 per cent referred to the mean of many val- 
ues farther north. 

Finally, to see whether we would obtain an inter- 
mediate value in crossing the equator at a point inter- 
mediate between MoUendo and Singapore, in the s umm er 
of 1934 we installed two electroscopes — one unshielded 
and one shielded with 10 cm. of lead — ^m the room of First 
Officer Graham of the Matson Line steamer “Monterey,” 
plying between Los Angeles and Melbourne via Honolulu, 
and obtained a io.i± i per cent equatorial dip on both 
electroscopes.* This result may be compared with ,the 
dip of 10.2 per cent just published as the mean dip found 
in traversing this same track across the equatorial belt in 
deven voyages between Vancouver and Sydney made by 
instruments provided by Drs. Compton and Turner.* 
Also, our value of the equatorial dip foimd on the west 

* TheoretdcaJly, there should be some difference between the per- 
centage of equatorial dip obtained with a shielded and unshielded electro- 
scope; but in the three voyages in which we have used unshielded instru- 
ments the difference, if it exists, has been inside the limits of our observa- 
tional uncertainties. 

* Phys. lUo., Ln (1937)? 141- See also n. 2 on page 455 of this book. 
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coast of South America may be compared with Clay’s 
last value* in the same area of 6 per cent with lead shields 
and 8 per cent without shields. Figure 86 gives in one 
graph the results of sending, in this way, Neher instru- 
ments on a number of world-encircling voyages; and Fig- 
ure 87 gives the combined results of our eleven voyages 
undertaken with Neher instruments to obtain the varia- 
tion of sea-level cosmic-ray intensities the world over. It 
was the first such chart ever published.* It is a diart 
which reflects the properties of the earth’s magnetic field 
far out in space, rather than merely at the earth’s surface, 
as does a nautical chart. 

We are now in a position to sum up, as follows, the 
most significant results of the foregoing studies of the sea- 
level longitude effect. If one starts from a northern 
magnetic' latitude and moves south in a longitude that 
carries binn across the magnetic equatorial regions in the 
neighborhood of Sumatra or India, he finds a 12 ± i per 
cent equatorial drop in sea-level cosmic-ray intensity; 
but if he goes to the other side of the earth and travels 
south from a northerly latitude, so as to cross the mag- 
netic equator off the western coast of South America, he 
finds an 8 + 1 per cent equatorial drop . This lack of S3Tn- 
metry thus found in the earth’s magnetic field thousands 
of miles out in space, where cosmic-ray effects are deter- 
mined, appears to reflect the magnetic dissymmetry 
found at the earth’s surface; for not only does the line 
connecting the north and south magnetic poles run closer 
to America than to Asia, but the surface value of the 

^ Clay, Bruins, and Wiersma, Physical III (1936), 746. 

* Carnegie Inst. Washington Year Book, No. 34 (December 13, 1935), 
P- 343; also Phys. Rev., L (1936), 24. 
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horizontal component of the eaxth’s magnetic field is 0.4 
gauss near Batavia, while it is but 0.3 gauss in the vicinity 
of Ecuador and Peru. In a word, the surface properties 
of the earth’s magnetic field are here shown to be reflected in 
effects taking place many thousands of miles above the sur- 
face; and we are now, for the first time, m possession of the 
means of studying the properties of this field far out in space. 

From the standpoint of the nature of the incoming 
cosmic rays we interpret this equatorial longitude effect 
thus brought to light as meaning that there must be some 
incoming charged-partide rays (free electrons or protons) 
of suffident energy to get through the earth’s field at the 
magnetic equator on the South American side, but which 
are forbidden entrance at the magnetic equator in the 
vicinity of Sumatra or India by the stronger magnetic 
field existing on that side of the earth. The definition of 
the non-fidd-sensitive incoming cosmic rays will then 
henceforth be incoming photons (if such exist) plus in- 
coming free electrons or protons of sufEcient energy to get 
to the equatot through the blocking effect of the earth’s 
magnetic field on the Asiatic side of the earth. This will 
presently be taken as corresponding to a vertically incom- 
ing charged partide energy of 17 billion electron-volts. 

All students of cosmic rays owe a very great debt to 
Lemaitre and VaUarta for the most complete and accurate 
analysis thus far made of the relations of incoming elec- 
tronic energies to the trajectories of charged partides 
trying to get to the surface of the earth through the block- 
ing effect of the earth’s magnetic fidd.* Their results are 
• graphically shown in Figure 88, which is a reproduction 

* See Lemaitre and Vailaita, Fhys. Rei., XLm (1933), 87, but es- 
pecially Pkys. Rev., XLIX (1936), 719, and L (1936), 503. 
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of their Figure lo in Physical Review, L (1936) , 503 . The 
curve labeled I on this diagram gives the computation 
by these authors of the energy required for an electron to 
reach the earth vertically as a function of latitude. This 



Fig, 88. — ^The Lemaitre-Vallaxta function u for three directions 
plotted against latitude. Curve I is for the vertical direction, curve II is 
for the -western horizon, and curve m is for the eastern horizon. Electron 
energies are given along the right margin. (Lemaitre and Vallarta.) 

curve, however, is computed on the assumption of a 
magnetic field symmetrical about a north pole taken as 
situated at geographical latitude 78°3o"N., longitude 
69*0" W., and having a field strength at the rnagnetic 
equator that requires an inco min g electron to have an 
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energy of 15 billion electron-volts in order to reach, the 
earth vertically there. To do as well as we could in 
making allowance for the diss3Tnmetry responsible for 
the longitude effect brought to light above, and yet in 
order to have a mean value, following Lemaitre and Val- 
larta, of vertical entrance at the equator of 15 bev. Pro- 
fessor Neher and I, guided somewhat by the increase in 
the longitude effect from 8 to 12 per cent in going from 
Peru to India, fixed upon 17 bev as the energy required 
for an electron to get to earth vertically at the equator in 
India and 13 bev as the corresponding energy value at 
Mollendo. 

We arrived at these numbers as follows: If we keep to 
whole numbers, as the uncertainties involved make de- 
sirable, our only possible way of arriving at the mean 15 
was to take 18 and 12, 17 and 13, or else 16 and 14. The 
last pair of numbers did not represent as much diss3rm- 
metry as we thought we had found, while 18 and 12 gave 
too much; so we chose 17 and 13. Later experimental 
findings seem also to justify our choice of 17 and 13. 

With the aid of the Lemaitre-VaUarta diagram it is 
now possible to discuss more intelligently for a given in- 
coming energy — say a billion (10’) electron-volts — ^the 
two critical latitudes Xj and Xi mentioned on page '450. 
Thus, Figure 88 shows that these bUlion-volt inco min g 
electrons would just begin to shoot in tangentially from 
the western horizon at 58°, thus beginning to toudi the 
very top of the atmosphere. Figure 88 further shows 
that if there were no atmosphere these incommg bihion- 
volt electrons would be b^inning to reach the earth ver- 
tically (curve I) at latitude 60°; and finally that at lati- 
tude 65° (curve III) the whole beam would be fuUy in, 
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even those entering tangentially from the eastern horizon 
adding their bit to the upper atmospheric ionization. 
Thus, latitude 65° would in this case correspond to the 
latitude Xi (curve lit), at which the southerly edge of the 
now fuUy formed “polar cap” of uniform cosmic-ray in- 
tensity sets in. Similarly, to take another case, 6-billion- 
volt incomiog electrons would first be felt in the upper 
atmosphere in lat. 32° (curve It) but, on account of the 
resistance of the atmosphere, would not be felt at sea 
level until they were getting in nearly vertically, at say 
38°, and though they would not complete their upper-air 
polar cap until latitude 50° was reached (curve III) the 
resistance of the atmosphere would restrict their sea-level 
effectiveness to the narrow range of something like from 
37° to 43°. Much more use will later be made of the La- 
maitre-Vallarta results embodied in Figure 88. 

v. IHE EAST-WESX EFFECT 

The earth’s magnetic field was adapted not only to the 
determination of whether there is a charged particle com- 
ponent in the incoming cosmic rays, but also, after this 
question had been answered affirmatively, to answering 
the further question as to what is the sign of charge 
that predominates in the inc oming particles. Thus, in 
the equatorial bdt, for example, where the longitude ef- 
fect proves that there are inco ming charged particles of 
sufficient energy to reach the atmosphere tihrough the 
blocking effect of the earth’s magnetic field, if these par- 
tides are predominantly positives, then, since the mag- 
netic lines of force above the earth are running in the di- 
rection from south to north, in accordance with the right- 
hand, or “motor rule,” charged positive partides coming 
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in, say vertically, must experience a force pushing them 
toward the east, so that they will strike the earth’s at- 
mosphere coming, not from the vertical, but from a direc- 
tion inclined to the west of the vertical. Negatively 
charged particles, on the other hand, will strike the earth 
coming predominantly from a direction inclined to the 
east of the vertical. So-called ^^Geiger-Miiller counter 
tubes” are admirably adapted to determining the direc- 
tion in which charged particle rays are coming into the 
earth. If two such tubes, say an inch in diameter and 
6 inches long, are set up pointing north and south, one 
above the other and say a foot apart, mounted on a verti- 
cal rod or frame that can be tilted either toward the east 
or toward the west, and if the incoming charged particles 
at the equator are predominantly positives, more of them 
will pass through both counters, and hence more responses 
will be registered when the vertical frame is tilted toward 
the west than when it is tilted toward the east. If the 
inco min g charged particle rays, on the other hand, are 
predominantly negatively charged, there will be a larger 
number of rays passing through the counters when the in- 
clination is toward the east than when it is toward the 
west. Both Rossi and Lemaitre and Vallarta had sug- 
gested this experiment to be carried out somewhere in or 
near the equatorial belt ; and, indeed, Rossi had looked for 
this effect without finding it.^ It was brought to light 
independently by T. H. Johnson® of the Bartol Founda- 

* Rossi, Phys, Rev.j XXXVI (1930), 606; Rend. Lincei, Xm (i93i)> 
47, and Numo dm., Vm (i93i)» 85. See also Phys. Rero., XLV (1934)? 
212. 

* Johnson, Phys. Reo., XLm (1933), 834; also ihid.^ XLVin (1935)* 
287, for most extended article. 
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tion and by Alvarez and Compton* of the University of 
Chicago, both of whom in the spring of 1933 set up such 
counter tubes in the mountains near Mexico City and 
found that when they tilted their vertical counter-tube 
system toward tbe west they got more counts than when 
they tilted it toward the east, thus proving that the in- 
coming charged particles are predominantly positive. 
This result was surprising, in view of the fact that, until 
the discovery of the positive electron by Anderson, posi- 
tive charges had been found only in the nuclei of atoms 
and, in general, nuclei are very much less abundant than 
are the negative electrons, which constitute the extra- 
nudear shells of the atoms. The abundance of these 
negatives and their ease of detachment from atoms would 
seem to favor their predominance in the field-sensitive 
component of the cosmic ray; but, in any case, the ob- 
served direction of the east-west effect said unambigu- 
ously that positives of some sort predominated. Rossi,* 
Korff ,3 Neher,** and Clay^ have all checked and extended 
these experiments, and they are all in essential agreement 
about the foregoing results. It is an e:q)eriment the in- 
terpretation of which will probably some time be of fun- 
damental importance for our understanding of cosmic 
processes, but more experimental work is called for. 

' Alvarez and Compton, Pkys. Rev., XLIII (1933), 835. 

“ Rossi, Rhys. Rev., XXXVI (1930), 606; Rend. lAncei, XIII (1931), 
47; and Nuovo dm., VIII (1931), 85. See also Rhys. Rev., XLV (1934), 
212 . 

3 Korff, Fhys. Rev,, XLVI (1934), 74. 

4 Neher, not yet published, 

5 Clay, Rhysica, VII (1933), 363. 
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Quite irrespective of the sign of the incoming particles, 
however, even if they are all of one sign, no east-west 
effect can be found for rays that are inside Epstein’s and 
Lemaitre’s polar cap of uniform cosmic-ray intensity, 
which, it wUl be remembered, holds for rays of a given 
energy down to a particular latitude, this latitude moving 
farther and farther south for increasing values of the ener- 
gy of the incoming particles. This means that the east- 
west effect at sea level in the Americas should only be 

TABLE XVI 

East and West CotJNTS XAsaai bv T. H. Johnson at Cerro de 
Pasco, Peru, Altitode 4,300 Meters on the 
Magnetic Eqcator 


Zenith Angle Z 

Total Counts 
West Cw 

Total Counts 
East Ce 

Asymmetry A 

Probable Error 
of A 


39 . 29s 
39.601 
11,024 
6.760 

SS.049 

35,418 

9,764 

6,028 

0.084. 

0.125 

0.139 

0.174 

0.0042 

0.0054 

0.0085 

o.ois 




4s» 

60° 



observed south of about magnetic latitude 41°. It is, in 
fact, a maximum at the magnetic equator, as T. H. John- 
son has experimentally proved. The earth’s magnetic 
field, of course, acts upon charged particles inside the 
polar cap just as much as outside it; but the uniform 
intensity inside that cap means that this fidd causes as 
many rays to be bent into a given angle of incidence on 
the earth’s surface as out of it. Table XVI^ shows just 
how the east-west effect is brought to light and how meas- 
urements upon it are made. The percentage asymmetry 

* See Johnson, Fhys * Rev ., XLVIII (1935), 290. 
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A is taken simply as the difference between the east-west 
counts divided by half their sum. At the equator this 
asymmetry A does not appear to be appreciably different 
at sea level and at the elevation of Cerro de Pasco, name- 
ly, 4,300 meters ; nor is there any reason to expect it to be. 
However, just as the polar cap of uniform cosmic-ray in- 
tensity was found in our airplane survey to extend farther 
south at sea level than at high altitudes, so, in these inter- 
meiiale latitudes, the east-west effect should increase 
TOth altitude, as Johnson found it to do in his early ob- 
servations in Mexico. 

The results contained in Table XVI represent ob- 
servations made in 1935 ; but in 1939 Johnson, the world’s 
authority on the east-west effect, reported new work,* 
done in the equatorial belt, in which the east-west ob- 
servations were carried to high altitudes with the aid of 
balloon flights. The dissymmetry was there found even 
less than at sea-level, suggesting possibly a local source. 

Johnson interpreted his results in terms of equal num- 
bers of incoming positrons and negatrons and then as- 
sumed the observed small positive excess to be due to a 
certain number of incoming protons. This is an inter- 
esting suggestion, but I present two others, either of 
which perhaps fits better all the results of the following 
chapters. 

Let it be assumed (i) that the positive excess is due to 
the fact that a negatron created in space as one member 
of an “electron-pair” in coming near to the earth has a 
somewhat larger chance of being captured by the ionized 
atoms in the remote regions of the atmosphere than has a 

' Rffo. Mod. Pkys., XI (1939), 208, and VIII (1938), 104; also Johnson 
and Bany, Phys. Rev., LVI (1939), 219. 
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positron. Or if that solution be rejected, let it be as- 
sumed (2) that the permanent, and still unexplained, 
negative charge on the earth tends somewhat to favor 
incoming positrons over negatrons. 

These suggestions would limit the unbalance between 
positives and negatives to a region relatively near the 
earth in comparison with its radius, and avoid the as- 
sumption of any electrical unbalance throughout space. 
This balance principle has been strongly urged by com- 
petent physicists as a necessity; and, indeed, it has 
been generally recognized for fifty years as a valid objec- 
tion to any theory that requires the earth to be bom- 
barded by high-speed particles of one sign only rather 
than of both signs or else of no sign. It is fatal to the 
theory of primary incoming positively charged protons 
unless the electrical balance in space is otherwise pro- 
vided for. 

In any case, both positrons and negatrons, when they 
make collision with an atomic nucleus in the outer at- 
mosphere, must in that act transform their energy prac- 
tically wholly into photons; and there is good evidence 
that these photons, by absorption by atmospheric nu- 
clei, produce the mesotrons of the next chapter. We 
stiU have much to learn about the actual processes by 
which cosmic-ray energy is absorbed in the earth’s at- 
mosphere and surface layers. 



CHAPTER XVm 
THE MESOTRON 

I. lATITUBE MEASUREMENTS CARJEUED PRACTICALLY 
TO THE TOP OP THE ATMOSPHERE 

In Figure 82 has been pictured the results of the first 
cosmic-ray airplane survey made in the summer of 1932 
to 22,000 feet and extended in the spring of 1933 to alti- 
tudes up to 29,000 feet and, much more important, to 
somewhat comparable altitudes in a series of five latitudes 
extending from 63° N. mag. dear to the magnetic equator 
in Peru. It was these results, first reported to the Ameri- 
can Physical Sodety in December, 1932,^ which, when 
supplemented by the discovery and quantitative measure- 
ment of the sea-level longitude effect in 1933 and 1934, 
had been more suggestive as to the character and proper- 
ties of the cosmic rays than any experiments that had 
been made up to this time, but they had only served to 
underline the need for stiU higher flights. But it was 
dearly necessary to make these flights in such a way as 
to bring to light latitude differences at much greater alti- 
tudes than had yet been attained. For from the inte- 
grated discharges of a Neher recording electroscope car- 
ried up to the top of the atmosphere it will presently be 
shown that one can easily obtain both the number of en- 
tering partides and the total cosmic-ray energy flowing 
into the earth from the heavens through each square 
centimeter of the sphere indosing the earth at the top of 
the atmosphere, the reasoning being based upon the thus 

*R. A. Millikan, Phys, Rev., XLin (1933), 667; and L S. Bowen, 
R. A. Millikan, and H. V. Neher, Phys. Rev,, XLIV (1933), 252. 
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far unquestioned assumption that all this enecgy ulti- 
mately appears in ionization in the atmosphere or be- 
neath it, no appreciable amount remaining in neutral 
form. The ionization below sea level was already known 
from our underwater measurements previously made and 
could therefore be added. It was, however, practically 
negligible in comparison with the ionization of the at- 
mosphere and therefore gave us no concern. 

The failure of all manned-baUoon flights to meet this 
condition of getting to great heights, or even the condi- 
tion of obtaining a series of flights in different latitudes, 
was the most serious limitation under which manned- 
balloon flights suffered. In Europe, Kohlhorster,’^ Hess,* 
and Piccard-Cos3ms* had made notable flights of this kind 
at a single latitude; and in this country the Fordney- 
Settle flight of November, 1933,^ and the so-called “Kep- 
ner-Stephens” flight of July, r934, had taken up with 
them, along with other instruments, our Ndier recording 
cosmic-ray electroscopes, which yidded good records but 
none capable of revealing the greatly needed effect of the 
earth’s magnetic Add on incoming diarged partides — 
the key to the whole problem. Very high-altitude flights 
with recording electroscopes and in different latitudes 
were therefore our next concern. 

The difficulty of extendmg latitude measurements on 
cosmic rays higher than to altitudes of about 30,000 feet — 
, about the limit which we had been able to reach with air- 
planes in the spring of r933 — ^lay in the fact that in order 

^ KoUiSrster, Phys. Zdt., XIV (1913), 1066 and 1158. 

« Hess, PAys. Zdt., XIV (1913), 610. 

3 Piccard and Cosyns, Com'pU Rend., CXCV (1932), 606. 

4 Proc. InU Conf. Nuclear Physics (London, 1934), pp. 212 and 221. 
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to obtain the desired accuracy in high-altitude intensity 
measurement it was necessary to recharge our Neher 
self-recording instruments every four or five minutes dur- 
ing a flight, and this we had accomplished in airplanes 
and in manned balloons by taking up a 3So-volt battery, 
which was used as the charging source. In order to work 
at the higher altitudes attainable with sounding balloons, 
it was necessary to develop the technique of repeatedly 
charging during flight the Neher electroscope from a covr 
denser instead of from a battery, since the latter had a 
prohibitive weight. After a couple of years of experi- 
menting and some failures in test-flights in San Antonio 
in the summer of 1935, Dr. Neher, with the aid of Dr. 
S. K. Haines, solved the problem of producing a very 
light charging-condenser of 10,000 cm. capacity, which 
during the conditions existing in a flight lost less than a 
tenth of I per cent of its charge per hour. 

With these new Neher instruments weighing, with all 
the recharging and recording mechanisms for electro- 
scopes, barometers, and thermometers, only about 1400 
grams, in August, 1936,* we made from Fort Sam Hous- 
ton, San Antonio, Texas (mag. lat. 38? 7 N.), with the 
aid of the Signal Corps unit stationed there, successful 
flights which gave accurate records of cosmic-ray in- 
tensities up to 12.9 mm. of mercury, or 98.3 per cent of 
the way to the top of the atmosphere.* Then at once we 
shipped the equipment with Dr. Neher to Madras; India 

^Pkys. Rev., L (1936), 992. 

•Kotzer’s remarkable fight, made not with an electroscope but 
with triple vertical counters, reached to 10 mm. of mercury (see Zeit. f. 
Rhys., Cn [June, 1936], 23 and 41). Also in the summer of 1937 we 
reached altitudes at which the pressure was 9.9 mm. of mercury, or 98.8 
per cent of the way to the top of the atmosphere (see Phys. Rjeo., T.m 

[1938]. 855). 
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(mag. lat. 3° N.), and, with very fine co-operation from 
the Indian Meteorological Service, we repeated there, 
very dose to the magnetic equator, the type of measmre- 
ment already made in San Antonio. The results of these 
measurements enabled Bowen, Millikan, and Ndrer* to 
obtain an answer to one of the most disturbing questions 
in the whole fidd of cosmic rays — one that had given us 
all a headache for at least five years. The history and 
significance of the question is as follows: 

From the time of the first quantitative proof brought 
forward by Chao* in 1930 that a new kind of absorption of 
gamma-ray photons by lead begins to set in at an inddent 
energy of about i million electron-volts, the theorists had 
been trying to work out the possible laws of such nudear 
absorption; for, prior to this, the laws of extrornuclear ab- 
sorption, represented by the Klein-Nishma formula, had 
been supposed to be adequate to take care of the whole 
absorption process. Oppenhdmer and Plesset* in 1933 
sdzed on the newly discovered fact of positive-negative 
pair-formation through the impact of photons on the 
nudd of atoms and made it the basis of a theory (see 
above, pp. 378-402) of the nuclear absorption of photons, 
which, of course, was to be added to the Klein-Nishina 
absorption of extra-nudear electrons; and Lauritsen and 
his group, also at the Califomia'Institute of Technology, 
had shown that this theory was competent to describe the 
facts of the absorption of the photons in the whole energy 
range from 1 million up to 17 million electron-volts, which 
they were then opting up to exploration. But the trouble 

* Bowen, MillikaTi, and Neier, Fhys, Rev,, LII (1937), 80, 

* Chao, Phys. Rev,, XXXVI (1930), 519. 

3 Oppenheimer and Plesset, Phys, Rev., XLIV (1933), S3. 
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with the theory as applied to cosmic rays was that it did 
not permit even biUion-volt rays, whether consisting of 
photons or of electrons, to penetrate through more than a 
meter or two of water at the most. Bethe and Heitler* 
worked out the theory in more detail, especially as it ap- 
plied to the absorption of high-energy dectrons. The 
fundamental assumption underlying this theory, now 
generally known as the “Bethe-Heitler theory of the ab- 
sorption of electrons,” has already been given (see p. 
346). The essential point is that electrons, in trying to 
plunge through matter, in view of their extreme lightness 
must behave in a manner in- which heavy particles, like 
protons or a-rays, cannot behave, namely, they must be 
very suddenly stopped or decelerated as they plunge into 
a relatively heavy object like an atomic nucleus, and the 
suddeimess of this act of deceleration, or “bremsung,” is 
what is needed largely to transform the incident energy 
into an dectromagnetic pulse, called “impulse radiation” 
or a “scattered X-ray photon” or “gamma-ray,” which, 
by quickly encoimtering another nudeus, produces an 
dectron pair (+ and — ), each member of which pair, by 
coUiding with still another nudeus, transfers its energy 
into impulse radiation, etc., so that the original energy is 
very rapidly degraded by division between a larger and 
larger number of lower-and-lower-energy photons and 
dectrons through the continual repetition of these “im- 
pulse radiation”-pair-formation acts, the whole con- 
stituting a “cascade shower.” 

Now this Oppenheimer-Bethe-Hdtler theory of the ab- 
sorption of both photons and electrons worked quantita- 
tivdy everywhere when tested in the range of energies of 
’ BetLe aadHeitler, Proc. Roy.Soc., C 3 CLVI (August, 1934), 83-112. 
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a few million electron-volts.* It required the loss of en- 
ergy of an electron or photon in going through a given 
thickness of matter to be proportional to the inddent en- 
ergy — ^in other words, it required the absorption coefficieni 
to be constant, no matter what was the value of the in- 
ddent energy, and it required the absorption in going 
through a space containing a given number of atoms of 
different atomic number to be proportional to Z®, where 
Z means atomic number. Both of these conditions ap- 
peared to be satisfied when the rays experimented upon 
were of low energy, i.e., from a million up to perhaps 300 
million dectron-volts, as ^perimentally shown by An- 
derson and Neddermeyer.® But it obviously did not hold 
for high-energy cosmic rays. Why not? Because it did 
not permit the cosmic-ray photons or electrons to pmie- 
trate through more than a few centimeters of lead or a 
couple of meters of water at the most, despite the fact 
that very early, namely, m Millikan and Cameron’s orig^ 
mal 1925 experiments in snow-fed lakes, it had been 
first proved beyond question that cosmic rays do pene- 
trate® not merdy through i atmosphere — 10 meters of 
water — but through not less than 10 atmospheres, i.e., 
to depths iu lakes Ce.g., Gem Lake, Calif.) of at least 300 
feet (100 meters) of water. Some later experimenters re- 
port miuute traces of effects penetrating down as far as 
to 1,400 feet of water-equivalent.® 

* Crane and Lauritsen, Proc, Int, Conf, Physics, VoL I; Nudedr 
Physics (London, 1934), pp. i3o-43- 

* Anderson and Neddenneyer, Phys. Rev,, L (1936), 256. 

3 See also Rossi, Zeit. f. Physih, UCXXH (1933), 151, for cosmic- 
ray particles shooting in straight lines through a meter of lead. 

4 1. Bamdthy and M. Ferr6, Phys, Rsv,, LV (1939), 870; also V. C. 
Wilson, Phys, Rev., LV (1939), 6. 
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Again, while the above theory did not pennit elec- 
trons of any energy, however large, to pass through more 
than a few centimeters of lead, Wilson cloud chambers 
showed tracks that were apparently indistinguishable 
from electron tracks penetrating without appreciable 
change in direction through 15 or 20 cm. of lead. Fur- 
ther, I have already indicated that cosmic rays as found 
at sea level seem to follow a law of absorption in different 
substances which is roughly proportional to density. 
This is nearly the same as a Z law, instead of a Z* law, 
as required by the theory. Only in measuring shower 
phenomena had a Z* Bethe-Heitler law come to light 
through the work of Rossi and others; but these phenom- 
ena seemed to be produced in greatest abundance by what 
Rossi called “the soft or non-penetrating component” 
of the cosmic rays, a component that reached its maxi- 
mum of shower-producing effectiveness at a thickness of 
lead of about 1.6 cm., so that it seemed that we might be 
justified in assuming that the Bethe-Heitler theory held 
for low-energy rays but not for very high-energy rays. 

This was the simplest way out of the difficulty, and 
the way I myself took.* Indeed, as late as the autumn of 
1936, 1 called attention to the above-mentioned “range” 
phenomena connected with the cosmic-ray shelves, one 
near Pasadena at sea level and another near Spokane at 
an altitude of 22,000 feet, and saw in them the proofs of 
the failure of the Bethe-Heitler law at energies of a billion 
volts and more. Also, all the theorists — ^Bethe, Heitler, 
Oppenheimer, and Blackett — expressed the belief that 
this law could not hold for very high energies, for it was 

I Millikan, Carnegie Inst, Washington Year Book, No. 35 (December 
u, 1936), p. 349. 



Fig. 89.— Launching electroscope for strato^here flights. In this ascent 
only four balloons were used. In reaching our hipest altitudes (9.9 mm. of 
mercury) we have regularly used ten balloons. 




Ions cmT* sec7^ atm^^ 


THE MESOTRON 


487 



METERS OF WATER 


Fig. 91.— Altitude-ionization curve for both flights. No. o and No. 2, re- 
duced to ions per cubic centimeter at atmo^heric pressure. The pressures 
are in meters of water below the top of the atmog)here (10 meters= i atm,). 
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irreconcilable with the very high penetrability which 
experiment revealed. 

These new high-altitude experiments of Bowen, 
MinilraTi j and Neher, however, showed that we were all 
wrong and that the breakdown of the Bethe-Heitler law 
at hi gh energies is not the way out of the foregoing ap- 
parent cosmic-ray contradictions. 

The experimental justification of the foregoing state- 
ment is found in the graphs shown in Figures 91, 92, and 
93, which give at various latitudes the full curves, up to 
within I or 2 per cent of the top of the atmosphere,* of the 
relationship holding between the number of cosmic-ray 
ions formed per cubic centimeter per second within our 
pressure dectroscope (reduced to i atmosphere of air) and 
the depth beneath the top, measured in equivalent meters 
of water, at which this dectroscope finds itsdf . The fol- 
lowing striking and, for the most part, new facts stand 
out at once from an inspection of these curves. 

I. Incoming cosmic rays, whatever thdr nature, are 
so rapidly absorbed as a whole in the outer layers of the at- 

* So far as the area underneath the curve is concerned— and it is this 
which is the measure of the total incoming energy entering the atmos- 
phere per square centimeter of the foregoing earth-sphere — this would 
not be appreciably changed by any higher altitude than that attained, 
for the curves show that the ionization increases rapidly up to a certain 
altitude and then deaeases rapidly as the balloon continues to ascend 
and that for the reason that beyond a certain point the upper atmosphere 
becomes so rare that the incoming ra3rs cannot hit any appreciable num- 
ber of molecules at all, a condition reached when the curve comes prac- 
tically bac^ to X equals o. It will be seen that at both San Antonio and 
Madras the curve does come so far down toward the origin that there is 
no appreciable error introduced, so far as the total area underneath it is 
concerned, by extending it into the origin. For practical purposes^ there- 
fore, it is correct to consider these curves as actually extending our measure- 
ments to the very top of the atmosphere. 
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Fig. 92.--Ionizatioii as a function of depth, in equivalent meters of water, 
below the top of the atmosphere at Madras, India, magnetic latitude 3® N. 
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MEIiRS Of WATER 


Fig. 93.— Curve A shows the ionizatioii at all depths down to 7 meters of 
water due to the electrons entering the atmo^here of energies between 6.8 
billion electron-volts and 17 billion electron-volts. This curve is the in- 
ference between the curves of Fig. 91 and Fig. 92. Curve B is the same as 
that shown in Fig. 92 but drawn to the same scale as curve 4 . The areas 

(or incoming energies) under the two curves are nearly the same. 



THE MESOTRON 


49 J. 

mosphere that even in the equatorial belt (Fig. 92), where 
the effect of the earth’s magnetic field upon them has its 
largest value, they get into equilibrium with their second- 
aries and produce their maximum ionization before they 
have penetrated through the first tenth of the atmos- 
phere. 

2. From that maximum point on, in all cases, they 
fall off exceedingly rapidly in intensity following an ex- 
ponential equation, their law of absorption being like that 
of gamma-rays and not like that of particles that exhibit 
range phenomena such as low-energy beta-rays, proton 
rays, or a-rays. The apparent range phenomena dis- 
cussed in preceding pages appear, indeed, at sea level and 
at other relatively low altitudes, but they are not at all 
characteristic of the absorption of cosmic rays in the upper 
layers of the atmosphere. 

3’. The depth beneath the top of the atmosphere at 
which the maximum ionization is attained, always less 
than one-tenth of an atmosphere, changes but slightly in 
going from San Antonio (Fig. 91), where no electrons of 
energy less than 6.8X10* electron-volts can get vertically 
through the blocking effect of the earth’s magnetic fidd, 
to Madras (Fig. 92), where no electrons of energy less 
than 17X10* electron-volts can similarly get through. 

4. The difference between the San Antonio and the 
Madras curves made possible for the first time the deter- 
mination of the complete curve of ionization produced in 
the atmosphere by incoming charged partides contained 
within a limited band of energies having a weighted mean 
value of about loX 10* electron-volts,* and it is this curve 

^ The 6 8 and 1 7 corre^nd to vertically incoming particles, and elec- 
troscopes take in rays of some energies adjacent to 6.8 and 17 coming in 
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(Fig. 93, curve 4 ) in particular, although it will be seen 
to be very similar in character to the other full radiation 
curves (Figs. 91 and 92), that throws so much new light 
on cosmic-ray absorption and ionization; for we are here 
completely unable to do what many of us had always 
done before, namely, call on less and less penetrating 
photonic components of the incoming radiation for ex- 
plaining the rapid rise in ionization with increasing alti- 
tude. All effects due to incoming photons are in the 
general cosmic-ray background, which, being the sainf^ 
at all latitudes, is eliminated by the subtraction of curve 
92 from 91. The “new use of the earth’s magnetic field” 
is in this instance, then, that of supplymg us with 
a definitely known band of charged particles, certainly 
either free electrons or protons (at these energies the 
field alone cannot distinguish between them) of enormous 
but reasonably well-determined energies, and enabling 
us to see without any uncertainty just how charged par- 
ticles of this mean energy of some 10 billion electron-volts 
are absorbed by the nuclei of the molecules of air. The 
curve A of Figure 93 gives us at once this law and enables 
us to compare this actual rate of absorption with that re- 
quired by the Bethe-Heitler theory as extended by Carl- 
son and Oppenheimer (Fig. 94). 

5. Down to a depth of one- third of an atmosphere 
from the top (3.3 meters of water), this curve is in reason- 
ably good agreement, as shown by Figure 94, with the 
Bethe-Heitler theory of nuclear absorption as recently 

from the side (see Fig. 88). However, the area underneath each curve is 
still the total integrated ionization-energy above San Antonio, in one 
case, and Madras, in l;he other, though the mean value taken as 10 above 
is not accurately determinable, nor is this important for present purposes. 
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METERS OF WATER 


Fig. 94.— Comparison of CarlsonOppenheimer theory of ionization at 
different depths (full line) due to incoming electrons of mean energies 
10,000,000,000 electron-volts with directly observed ionizations (small cir- 
cles). The scale is logarithmic. Thefitisfairly good at the top, but, from 
5 meters down to sea level (10 meters), the ionization falls off much less 
rapidly-~i.e., the rays are much more penetrating— than the theory permits. 
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extended by Carlson and Oppenheimer, as well as by 
Bbabha and Heitler.’^ 

6. The exceedingly rapid absorption of this latitude- 
sensitive radiation, with an absorption coefficient which 
is nearly constant and independent of incident energy, 
qmlitatively favors the “shower theory" of the foregoing aun 
thors as the main cause of the ionization of the upper layers 
of the atmosphere produced by incoming electrons eoen of 
this huge energy, for protons cannot be “bremsed” and 
thus give rise to high-energy photons. However, it is, 
of course, true that the ad hoc assumption might be made 
that, through producing nuclear disintegration of the air, 
their rate of absorption might become indistinguishable 
here from the normal Bethe-Heitler rate of absorption of 
free electrons. 

7. The latitude-sensitive part of the cosmic-ray ion- 
ization (Fig. 94) found in the lower part of the atmosphere 
is considerably more penetrating than is predicted by the 
foregoing extended Bethe-Heitler theory of dectron ab- 
sorption; nevertheless, while at a distance of one-twen- 
tieth of an atmosphere from the top, these loXio* elec- 
tron-volt field-sensitive rays are producing 144 ions per 
cubic centimeter per second (curve A, Fig. 93), at sea 
level their total ionizing influence has fallen to but 0.5 ion 
per cubic centimeter per second, that is, to about 1/ $00 of 
their value near the top of the atmosphere. 

8. The two foregoing results in 7 show that the process 
of nuclear absorption of incoming particles is more com- 
plicated and involves the production of more-penetrating 
secondaries than is pictured m the simple physical as- 

“ Bhabha and Heitler, Froc. Roy. Soc., CLIX (1937), 432; see also 
Bhabha, ibid,, CLXIV (1938), 257. 
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sumptions underlying the Bethe-Heitler theory but, at 
the same time, that the whole progeny of secondaries, what- 
ever their naiure, has been reduced almost to zero by the time 
sea level has been reached, not more than about one-tenth 
of the sea-level ionization, small though it is, being ac- 
counted for by field-sensitive rays at aU. 

9. The latitude-sensitive part of the cosmic-ray ion- 
ization found in the lower atmosphere is then practically 
all due to the secondary effects of varied naiure resulting 
from the absorption of the incoming charged particles in 
the upper tenth of the atmosphere. 

10. The apparent absorption coefficient, namely, 0.54 
per meter of water, of the actual curve (A, Fig. 92) repre- 
senting the whole progeny of secondary influences result- 
ing down to sea level from the absorption of incoming 
charged particles in the very top layers of the atmosphere 
(for this one coefficient fits fairly well the whole curve 
from sea level, or 10 meters, up to 2.5 meters of water) is 
approximately the same as that found by Johnson for 
the east-west effect, thus indicating that the particles 
causing the latitude and the east-west effect in the 
localities of his observations are of the same lype. 

The experiments and conclusions thus briefly sum- 
marized leave no sort of uncertainty as to the wrongness 
of my former assumption that the observed great pene- 
trating power of charged particles in cosmic-ray phenom- 
ena is to be explained by the breakdown at energies of the 
order of a billion or more of volts of a law like the Bethe- 
Heitler law, which requires the very rapid absorption of 
electrons. As the Wilson doud-chamber experiments di- 
rectly danonstrate, there are, indeed, penetrating par- 
tides present in sea-level cosmic rays to which no law 



496 THE ELECTRON 

of rapid absorption like the Bethe-Heitler can possibly 
apply. To that extent the cosmic rays do reveal a break- 
down of that theory; but, since we have proved by these 
experiments that even lo-billion-volt electrons are, in 
fact, very rapidly absorbed in the upper air, essentially as 
the fundamental assumptions underlying Bethe-Heitler 
require, or perhaps even more rapidly, there is no alterna- 
tive left but to conclude that these highly penetrating rays 
observed farther down in the atmosphere, first in snow- 
fed lakes, then in doud chambers, both at sea and on 
Pike’s Peak, are not free electrons, for they show a pene- 
tration that free electrons even of their energies do not 
possess. But what, then, are they? 

So far as charged-partide rays alone are concerned, 
since it is soldy mass or inertia (inability to be suddenly 
“bremsed,” i.e., inability to produce “radiative colli- 
sions”) that constitutes the essential difference between 
the absorbability of free electrons and that of heavy par- 
tides, we have no alternative hut to classify these highly pene- 
trating charged particles observed in Wilson cloud chambers 
at sea level as relatively heavy particles of some Mnd. In a 
lecture at the Institut Poincar6 in Paris in October, 1931, 
I called the positive members of the newly discovered 
charged pairs “protons”; and both Auger in France and 
Williams in England have more recently treated these 
penetrating tracks as those of protons; but, since these 
penetrating partides are about equally positive and nega- 
tive in sign, if they were protons, then these cosmic-ray ex- 
periments would have brought to light another new particle, 
namely, a negative proton. There is no other evidence for 
the correctness of this assumption. There is, however, 
the best of evidence brought forth by Anderson and Ned- 
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dermeyer that they cannot be as heavy as protons in that 
they seem to be able to transfer their energy to extra- 
nuclear electrons more easily than a body as heavy as a 
proton could do. 

Therefore, in order to leave their precise nature to a 
degree unsettled, Anderson and Neddermeyer, who had 
been working with them in our vertical doud chamber 
ever since 1934, at first simply called them ^^X-particles,” 
their sole new characteristic being that they were heavy 
enough not to be suddenly stopped and therefore not to 
have their energy largely transformed into impulse radia- 
tion (photons) . Massiveness is all that is left to call upon 
to make a charged particle penetrating if we are obliged, 
as we seem to be by the foregoing experiments, to give up 
the notion that high energy alone can make an electron pene- 
trating, It is true that the tracks of these penetrating 
partides at energies above 300,000 electron-volts are in- 
distinguishable from the densities of free-electron tracks, 
that their charge is certainly the same as that of the elec- 
tron, and that they are like the electron in that their 
charge may be either positive or negative in sign. But 
the foregoing experiments seem definitely to deny high 
penetrability to free electrons up to the huge energies of 
10 billion electron-volts. The cosmic rays have been 
teaching us some strange new things about nature that 
we had not even dreamed of before. 

n. THE DISCOVERY OP THE MESOTRON 

In the preceding edition of this book, written in 1934 
and published in January, 1935, after presenting the suc- 
cesses of the pair theory of ganuna-ray absorption as 
worked out theoretically by Oppenheimer and experi- 



498 


THE ELECTRON 


mentally by Lauritsen, Fowler, and Orane, on page 403 
I dosed the chapter with the following paragraph, in 
which I voiced again the incorrect opinion, held at that 
time by practically all of us, that the observed very high 
penetrating power of high-energy ^^electron tracks’^ so 
conspicuously demonstrated in Anderson and Nedder- 
meyer^s experiments (see below) meant that, at high 
enough energies, free electrons changed their behavior, 
lost their capadty for being ^^bremsed’’ or of produciug 
radiative collisions, and therefore became very penetrat- 
ing partides. The above-mentioned paragraph reads: 

AH this is m notable confirmation of the demands of the pair 
theory for this small range of frequendes herein investigated. 
That, however, a Z* absorption law cannot hold for higher energies 
seems to be definitely established by our cosmic-ray measurements, 
as well as by those of Stemke and his collaborators at Kbnigs- 
berg. These measurements show that when different absorbers are 
used for the same cosmic-ray photons the absorption is roughly pro- 
portional to the first power of the atomic number rather than to the 
second power. The whole mechanism of nudear absorption may 
therefore change as these higher energies are reached. This is an 
interesting and important field in which loth our experimental and 
our theoretical knowledge is still very incomplete hut in which new 
data are rapidly appearing, so that the question here raised bids fair 
to find an early solution. 

This paragraph, and particularly the last statement in 
it, had been stimulated by the interesting results just then 
being obtained by Anderson and Neddermeyer, prelimi- 
nary report upon which had just been made at ^e Biter- 
national Conference on Nuclear Physics (London, Oc- 
tober, 1934). 

These experiments consisted in careful statistical 
doud-chamber studies at Pasadena, near sea level, on the 
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curvatures and the energies of thousands of cosmic-ray- 
particle tracks shooting through our vertical Wilson cloud 
chamber in a magnetic field of known strength and show- 
ing measurable changes in track-curvatures before and 
after passage through bars of carbon and lead, inserted 
across the middle of the doud chamber. ‘ 

In Anderson and Neddenneyer’s (1934) words: 

These curvature measurements on cosmic-ray particles be- 
tween the limits 300 mev and 6,000 mev showed an approximate 
equality between the positives and negatives in all energy inter- 
vals, save that in the highest energy range the positives seemed 
somewhat to predominate. The positive particles in this group, in 
so far as they represent secondaries, must (of course) all have 
originated from wwcZear encounters. The data on electron traver- 
sals through plates of carbon and 1^ given in table 3 show that the 
probability of prodticing directly a secondary electron by a nuclear 
encounter is very small (see last column) . In a total of 2439 traver- 
sals, electrons were observed to penetrate a total of 1215 cm. of 
carbon and 663 cm. of lead. This corresponds to an equivalent of 
24 m. of water for the carbon and 52 m. of water for the lead if it is 
assumed that the probability of producing a secondary per nucleus 
encountered is proportional to Z. K this probability is propor- 
tion to Z® then the 663 traversals through lead are equivalent to 
520 m. of water. These observations then, taken all together, 
represent the equivalent of an electron traversal through at least 
76 m. of water or more than seven times through the earth^s atmos- 
phere. In all these traversals there were observed in addition to 
the negatron secondaries [arising of course from extra-nudear en- 
counters], all of which had energies less than 300 mev, no positron 
secondaries except three cases of electron pairs from the lead, whose 
combined energy was less than 300 nm. 

The fact that in all these traversals, equivalent to a partide- 
passage at least seven times through the earth’s atmosphere, 
there were no instances of an electron impact in which high energy 
(E >300 mev) secondaries of either positive or negative sign were 
produced, is very strong evidence that only an insignificant num- 
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ber of the cosmic-ray electrons at sea-level can result directly from 
electron impacts in the atmosphere or other absorbing material. 
This conclusion depends upon the reasonable assumption that the 
cosmic-ray electrons passing through the atmosphere do not behave 
essentially differently in producing electron secondaries, from those 
observed in the chamber. It is concluded from the above facts 
that practically all of the cosmic-ray electrons at sea-level, in so 
far as they are of terrestrial origin, can be ascribed only to photon 
encounters with nuclei. 


TABLE 3 


Material and Thickness 
of Plate 

Number of 
Electron 
Traversals 

Number of 
Secondary 
Negatrons 

Number of 
Secondary Positrons 

1.0 cm. carbon 

810 

38 

0 

1.0 cm. lead 

397 

IS 

2 pos.-neg. pairs 

1. 1 cm. lead 

176 


0 

0.2 cm. lead 

267 


I pos.-neg. pair 

0.025 cm. lead 

789 


0 


In other words, these particular ‘‘electron tracks'^ did not 
make any appreciable number of radiative collisions, such 
as give rise to impulse radiation (photons). 

Again, on page 182 of the 1934 Proceedings of the In-, 
iemaiional Conference on Nuclear Physics, these two au- 
thors show that their penetrating particles cannot be pro- 
tons because, in traversing their lead and carbon plates, 
the observed particles transfer, or lose through encoun- 
ters with extranuclear electrons within these plates, four 
times as much energy as the laws of impact permit them 
to lose if the traversing particles were as massive as pro- 
tons. They continue in a footnote (p. 182) thus: 


Bowen, Mil l i ka n and Neher have found that the rays sensitive 
to the earth’s magnetic field possess an apparent absorption coeffi- 
cient of about i.o per meter of water. If these field-sensitive 
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rays are mainly incoming electrons, as all data strongly indicate, it 
then appears difficult to reconcile the highly absorbable character 
of these rays with the apparently small degree of interaction between 
the particles and the plates of lead and carbon in our cloud cham- 
ber. Since the values of Hp of many of the particles observed in 
the chamber (5Xio<* to 20X10^ gauss an.) lie in the same range 
as do those of the particles excluded by the earth^s field, the ab- 
sence of a large number of secondaries produced in the plates, 
either electrons or photons, may indicate a difference in character 
between the high energy particles observed in the cloud chamber and 
those incoming particles constituting the field-sensitive portion of the 
cosmic-ray beam. The data, however, are preliminary and for the 
purposes of discussion in this report we have assumed the high 
energy particles traversing our plates to be practically all elec- 
trons. [Italics mine.] 

The foregoing italicized statement made in the mid- 
summer of 1934 is the fiirst indication, so far as I can find, 
made by anyone anywhere of the discovery of an experi- 
mental situation that ^‘may’’ require the introduction 
into physics of a new particle more massive than the free 
electron and less massive than the proton. At that time 
this was so revolutionary a hypothesis that it took much 
insight and no little daring to make it. The only alterna- 
tive, after free electrons had been eliminated through the 
observed penetrability (requiring the absence of radiative 
collisions, see Fig. 96) and after protons were also elimi- 
nated because of too large a transfer of energy in collisions 
with extra-nuclear electrons, was to assume that a funda- 
mental change took place at sufficiently high energies in 
the mode of interaction of electrons with the nuclei of 
atoms. This last was the road I myself followed, as 
shown above, and in doing so I was in very distinguished 
company. 

But Anderson and Neddermeyer, immediately after 
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the London conference, i.e., in the fall of 1934, started a 
new and elaborate investigation to see whether our way 
of escape from the foregoing difficulty was a tenable one. 
This was two years before our sounding balloon flights 
{shown in Figs, pj and pa) that carried our electroscopes 
practically to the top of the atmosphere — and it was one year 
b^ore any theoretical suggestion had been made in any quar- 
ter that there might be a theoretical reason' for the possible 
existence of a particle of intermediate mass between the 
free electron and the proton. 

Knowing that electrons existing in cosmic-ray showers 
certainly make radiative collisions with surrounding 
atomic nuclei and thus transform their energy largely into 
imptilse radiation, Anderson and Neddeimeyer set out to 
study statistically, and also very laboriously, as they had 
done in their paper just reported at the London interna- 
tional conference, the penetrating power, or energy loss, 
shown by electrons that were parts of showers in shooting 
through both a bar of lead and also a centimeter bar of 
platinum, this last being equivalent to nearly 2 cm. of 
lead. The other half of their plan was to make such a 
series of measurements on tracks that occurred singly 
rather than as parts of showers. They found that shower 

I This suggestion came from Yukawa (see Collated Papers from Osaka 
University, II [193S], S*)> who, for purely theoretical reasons having 
to do with the force between a proton and a neutron, substituted in the 
equation j«o = h/Xo a value of X, the diameter of the nucleus, equal to 
S X lo”** and thus got /»« = 2 X 10* electron masses. He then remarks: 
“As such a quantum with large mass has never been foimd by experi- 
ment, the above theoiyseems to be on a wrong line.” Heitler later showed 
that the original theory of Yukawa must be modified to give the right 
dependence of the neutron-proton force on the orientation of their 
^ms. However, the relation between range and mass is quite independ- 
ent of these considerations. 
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paxtides, in. the energy range between loo-Mev and 
500-Mev electrons, could just get through their platinum 
bar, while, in general, the tracks that occurred singly re- 
tained after traversal a very large part of their inddent 
energy. Otherwise stated, two tracks of the same curvature 
m a magnetic field, one a single track such as those used in 
making the studies reported in Table 3 above and one a 
component of a cascade shower actually had widely differ- 
ent penetrating powers and therefore could be dassified 
only as different partides. 

Their results are aU collected in Figure 95. Abscissae 
are here energies in Mev, ordinates are loss in energy in 
traversing a centimeter of platinum. Cirdes refer to 
shower partides, solid dots to partides that occurred 
alone. All points referring to partides that traverse the 
platinum must, of course, be bdow the slanting line in 
the diagram, since this line is so drawn as to correspond 
to the total loss in the bar of the inddent partide’s en- 
ergy. The plot proves condusivdy that at least two dif- 
ferent kinds of cosmic-ray partides occur in doud cham- 
bers characterized by wide diSerences in penetrating 
power. Since both types of partides fall within the same 
energy range, it cannot be energy differences that make 
the one set more penetrating than the other. Anderson 
and Neddermey er had held up any announcement of their 
discovery for two years so as to settle this altogether vital 
pomt before making any definite public statement beyond 
that published, as indicated above, in the summer of 
1934. They made the new statement in a public col- 
loquium in Pasadena and permitted the report of it, 
quoted in full on page 505, to be published in Science 
(November 20, 1936, p. 9 of Suppl.). 
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is interpreted as momentum instead of energy.* 

*Anderson-Neddermejrer footnote: *‘For a given charge, Hp is pro- 
portional to momentum mdependently of mass, that is p-eEpIc, and 
since it is momentum and not energy that is measured by the radius of 
curvature, the result of a curvature measurement should be expressed 
as momentum when there is doubt about the mass. We may express 
the momentum in terms of the energy an electron would have if its track 
curvature were the same as that of the particle considered. This is not 
very good usage, but because so many data have been recorded in terms 
of electron ener^es it is convenient for avoiding unnecessary explanation 
or lack of precise statement. Thus an electron with a momentum of 
100 mev has an energy of this value, while a heavier particle with the 
same momentum would have a lower energy depending on its mass. 
The natural electron unit, is also convenient, the momentum pmc 
being connected to the mass km and the kinetic energy emc^ by the rela- 
tion €=(jLC*-f»C“)^ — K.” 
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PARTICLES IN COSMIC RAYS SIMILAR TO BUT 
DIFFERENT FROM THE ELECTRON 

Discovery of aa unknown partide that may prove to be as 
important as the positron was made known by Dr. Carl D. Ander- 
son to his colleagues at the California Institute of Technology just 
a short time after he was notified of his sharing in the 1936 Nobel 
prize for his discovery of the positron. 

Dr. Anderson has found that the cosmic rays indude electrical 
partides which make tracks much like electrons, but are quite 
different from anything heretofore recognized or investigated. 
The partides seem to have an unusually great penetrating power 
and do not readily knock electrons out of matter at the rate equally 
energetic electrons do. 

In many thousands of cosmic ray photographs obtamed in 
Pasadena, Pike’s Peak and at Panama there are many examples 
of presumably ordinary electrons (the fundamental partide of 
electricity negatively charged, discovered years ago) which pro- 
duce showers of secondary partides as they pass through the appa- 
ratus. But there is also another phenomenon, lone tracks that 
traverse lead plates without producing any perceptible secondary 
effects. These are the higherto unknown particles. Dr. Anderson 
does not venture to guess what the unknown partides might be, 
but he indicated that they probably have the same charge as elec- 
trons, although not the same mass. 

Again, in his published Nobel Prize address of De- 
cember, 1936, Dr. Anderson wrote as follows: 

These highly penetrating partides, although not free positive 
and negative electrons, appear to consist of both positive and nega- 
tive partides of unit electric charge, and will provide interesting 
material for future study. 

Their fuller report on their experiments and findings 
was received by the Physical Review on March 30, 1937, 
and appeared in that journal on May 15, 1937. 

It was the proof furnished by the data contained in 
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Figure 95 taken in the years 1934, 1935, and 1936, com- 
pleted in the late summer of 1936, discussed with Dr. 
Oppenheimer and myself at Pasadena and referred to by 
the former in his paper at the Harvard Tercentenary in 
September (1936), tWt first closed the door to our inter- 
pretation of the hard or penetrating component of cosmic 
rays as due merely to a change in the type of interaction 
between free electrons and atomic nuclei as the energy of 
the oncoming free electrons increased to high values. 
The balloon-electroscope flights, the records of which are 
reported in Figures 91, 92, and 93, were being made dur- 
ing this same summer and fall of 1936. Although these 
flights proved in a different way the same result demon- 
strated by the data of Figure 95, the data involved in 
Figures 91, 92, and 93 had not been graphed at the time 
that Anderson and Neddermeyer made their public re- 
port and, indeed, these data were first published in the 
Carnegie Institution of Washington Year Book, No. 35 
(December ii, 1946)', page 349. 

Between the date, in the summer of 1936, of the final 
and unquestionable discovery of the existence of a new 
particle of mass intermediate between that of the free 
electron and the proton, and the date of December 7, 
1941, when all of us were drafted into a new type of ac- 
tivity, there had appeared fourteen different determina- 
tions, or estimates, of this mass (Table XVII). 

In view of the great difficulties and necessary errors 
involved in these mass determinations, the divergencies 
shown in the last column of Table XVII are not surprising, 
even if the differences shown have no real basis beyond 
experimental uncertainties. But there are two of these 
determinations in which the errors should be .tanflller than 
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in any of the others, namely, the one involved in Figure 
100 and described in its legend, and the one numbered ii 
in Table XVII. This last method, used in No. ii, in- 
volves nothing more than the law of impact between two 
elastic bodies, the impinging body being the mesotron 
and the struck body the free electron. These two deter- 
minations agreed very closely and seemed to fix the mass 

TABLE XVn 

Mesotron mass 
in terms of 
electron mass 


1. C. D. Anderson and S. H. Neddermeyer, Phys. 

Reo,, L (1936), 263, Figs. 12 and 13, with legends 

but without numerical values 

2. J. C. Street and E. C. Stevenson, Phys, Rev., LIE 

(1937), 1003 200 ± 50 

3. P. Ehrenfest, Jr.,C<w»j^/.i?fi«d.,CCVI(i938),4o8. ^^^200 

4. E. J. Williams and E. Pickup, Nature, CXLI 

(1938), 684 160-220 

5. D. R. Corson and R. B. Erode, Phys. Rev., Lm 

(1938), 21$ and 773 2oo± 50 

6. S. H. Neddermeyer and C. D. Anderson, Phys. 

Rev., LIV (1938), 88 ^^240 

7. S. H. Neddermeyer and C. D. Anderson, Rev. Mod. 

Phys., XI (1939), 191 220± 35 

8. A. J. Ruhlig and H. R. Crane, Pkys. Rev., LIU 

, (1938), 266 i2o± 30 

9. Y. N. Nishina, M. Takeuchi, and I. Idumiya, 

Phys. Rev., LV (1939), 5^5 

10. H, Maier Leibnitz, Ze^t.f. Physih, CXTE (1939)? 

569 55-270 

11. Leprince Ringuet et al., Phys. Rev., UK (1941), 

460 24o± 20 

12. J.G. Wilson, Pw.R(7y.5i^£;.^,CLXXn(r939),S2i 2So± 50 

13. R. B. Erode and M. A. Starr, Phys. Rev., Un 

(1938), 3 

14. Donald J. Hughes, Phys. Rev., LX (1941), 4^4- • • 180 ±' 23 

15. Yukawa, Proc. Phys. Math. Soc., Japan, XVH 

(1935), 48 
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of the new particle at 220+30 electron masses. How- 
ever, in 1938, in view of quantum theoretical considera- 
tions and the wide experimental differences shown in the 
footnote, Neddermeyer brought forward' the discussion 
of the possibility of the existence of multiply valued 
mesotrons, and Leprince Ringuet and Lherilier* have 
reported (1944) a cloud-chamber photograph of a simple 
collision between a mesotron and an extra-nuclear elec- 
tron which yields very reliably, as they think, a mesotron 
mass juo = 900 ±12 per cent electron masses. This is now 
stimulating the further study of Neddermeyer’s sugges- 
tion and calling for more experimental results. 

m. XSE NAMING OF THE MESOTRON 

The history of the naming of the mesotron is as fol- 
lows: Dr. Anderson, one of its joint discoverers, suggested 
the name “mesotron,” derived in the altogether standard- 
ized way from the two Greek rootwords /ieaoo- and ikeKrpov. 
The choice of this name was well-nigh inevitable because 
of the fact that the closely related series of fundamental 
particles — the electron, the positron, the negation — ^had 
already established themselves in general use and also in 
view of the further fact that the word “mesotron” de- 
scribes exactly what the new particle was, namely, an 
intermediate particle that had ah the properties of the 
electron save that it was intermediate in mass between 
the electron and the proton, but was apparently much 
nearer to the electron than to the proton even in mass — 
an unstable particle, too, of limited lifetime (about 

^Phys, Rev.j LIII (1938), 102, 

*Compt, Rend. CCXXI (1944), 465. 
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2.8X10-^ seconds),^ which carried the electronic charge 
and, like the electron — ^not like the proton — ^it could be 
either + or — ; a particle, further, that at the end of its 
lifetime apparently transforms itself again into an elec- 
tron.^ For both practical and etymological reasons, 
then, “mesotron’’ seemed to Dr. Anderson to be the most 
descriptive term for it. Accordingly, on September 28, 
1938 , 1 wrote to Dr. Bohr in Copenhagen as follows: 

Since a considerable number of names have been suggested for 
the penetrating particle, the existence of which was first definitely 
stated by Neddermeyer and Anderson, as I think is now generally 
recognized (see G. Wentzel, Sonderdruck aus Die Naturwissen- 
schaften 1938, 26, Jahrg., Heft 18, p. 273), I am writing to you to 
express the hope that the name for this particle which Anderson 
has suggested and which seems to me to be the most appropriate, 
namely, ‘Mesotron’ (or intermediate particle) will be generally 
adopted. Does it not seem to you that this is the most appropri- 
ate designation which has yet been suggested? 

His reply was: 

I thank you for your kind letter of September 28, and take 
pleasure in telling you that every one at a small conference on 
cosmic-ray problems, including Auger, Blackett, Fermi, Heisen- 
berg, and Rossi, which we have just held in Copenhagen, was in 
complete agreement with Anderson’s proposal of the name of 
“Mesotron” for the penetrating cosmic-ray particles. The story 
of the discovery of these particles is certainly a most wonderful 
one and the cautiousness for which I gave expression during the 
discussions in the unforgetable days in the spring before last in 
Pasadena was only dictated from the appreciation of the great 

^ See Neher and Stever, Fhys. Rev,, LVIH (1940), 766. This paper 
contains references to the earlier work in this field of Hess, Blackett, 
Rossi, Ehmert, Euler and Heisenberg, Bathe and Block, 
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consequences of Anderson’s work, if the evidence for the new 
particles was really convincing. At the moment I do not know 
whether one shall a dmir e most the ingenuity and foresight of 
Yukawa or the tenaciousness with which the group in your Insti- 
tute kept on in tracing the indications of the new effects. I am 
happy that Dr. Boggild from our Copenhagen drde shall have the 
unique opportunity of following this amazing development at 
close hand. 

Further discussion as to the best name of the new par- 
ticle was again raised at a symposium on cosmic rays held 
in June, 1939, at the University of Chicago. Dr. A. H. 
Compton in his Foreword to the published report* records 
the following facts: The attendance was about 300 and 
included representatives from most of the world’s leading 
research groups engaged in this study. Six different names 
were considered, namely, “mesotron,” “meson,”* “meso- 
ton,” “baryton,” “yukon,” and “heavy electron.” No 
one of these six received a dear majority of all votes, none 
of the last four had “any considerable support,” and the 
votes on the first two were “about equal.” The editor 
(Compton) condudes with this statement: “Except where 
the authors have indicated a distinct preference to the 
contrary we have chosen to use the term ‘mesotron.’ ” 
This is now the designation mainly used in American, 
Japanese, and English* publications while Continental 
writings still show a wide scatter among “mesotron,” 
“mesoton,” “meson,”* and “heavy dectron.” 

^Rev. Mod. Phys.j XI (1939), 122. 

* See Williams and Blockett, Nature, CXLV (1940), 102; CXLII 
(1938), 992. 

3 ‘"Meson” is confusing because it is already a standard Greek word 
of altogether different meaning, viz., “the middle, the space between, 
also common ground.” 
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IV. THE ORIGIN AND THE END OP THE MESOTRON 

However incomplete the evidence may still be as to 
whether these penetrating particles, which constitute 
nearly 80 per cent of the thousands of doud-chamber 
tracks taken at the Norman Bridge Laboratory — a per- 
centage in general conformity with aU later work dse- 
where — are in part positive and negative protons or 
whether they are aU positive and negative partides of in- 
termediate mass between protons and electrons, i.e., 
mesotrons, there is, at any rate, definite evidence as to 
where most of them come from. In a word, the evidence 
is that at least the great majority of those that we find in 
the lower part of the atmosphere and below sea level do 
not come in from outside at all, as aU of us originally as- 
sumed the observed penetrating partides to do, but that 
rather they are for the most part produced as secondary 
penetrating partides in our atmosphere by some kind of 
nudear collisions that other rays, presumably photons 
(which must themselves be secondaries, since primary 
photons have been eliminated by taking the difference 
between curves 91 and 92 to obtain 93^), make with the 
nudei of the atoms constituting the atmosphere. The 
more detailed evidence for the correctness of this view 
follows. 

The present discussion of the very great significance of 
the data contained in Figures 91 and 92 rests upon the 
postulate, not likdy to be seriously questioned, that the 
cosmic-ray energy coming per second per cm.* from the 
celestial dome into the earth’s atmosphere at the location 
of an dectroscope-baJloon flight all appears ultimately in 
the form of atmospheric or subatmospheric ionization. 
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It may be obtained in electron-volts simply by multiply- 
ing the rate of formation of ions per second per cm.* 
actually observed in an electroscope-flight carried to the 
top of the atmosphere, by the energy required to produce 
an ion in air, namely, 32 electron-volts. 

Again, the incoming “field-sensitive” cosmic rays en- 
tering the earth from outside at a given latitude are neces- 
sarily either free electrons or protons. This is because, at 
an energy of a billion electron-volts or more, these twc 
particles are alike in the effect of the earth’s magnetic 
field upon them. Incidentally, at energies above 10’ elec- 
tron-volts, protons and free electrons are also essen- 
tially alike in the density of the ion tracks which they pro- 
duce. Similarly, at values of Hp greater than 3X10® 
(which for an electron means an energy greater than 
9X lo’) the track-densities of free electrons and mesotrons 
are indistinguishable. It follows that the sum of the ion- 
izing effects of all incoming photons and of all singly 
charged incoming particle rays of higher energy than 
about 17 bev (that required to get to earth at the equator 
in India) constitutes the cosmic-ray background that is uni- 
form everywhere over the earth’s surface. This back- 
ground provides (see chap, rvii) (100— 8) -moo =92 per 
cent of all the sea-level ionization at the magnetic equator 
in Peru and (100— 13) -Moo =87 per cent of all sea-level 
ionization in southern India. 

By subtracting the curve 92 from ciuve 91, we elimi- 
nated from the resulting curve 93.4, the effect of all incom- 
ing photons of all energies, and also the effects of all in- 
coming charged particles of energy greater than about 
17X10’ electron-volts. This means that all effects ap- 
pearing in 93^1 are due soldy to incoming free electrons 
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ir incoming protons of energy less than about 17 bev. 
directly or indirectly, then, 93, A requires the mesotron 

0 be the progeny either of an incoming electron or of an 
ncoming proton. But theory says that, in view of its 
ightness, only the free electron can transform its energy 
learly without loss into a photon, which could then, 
Jtirough plunging into a nucleus, pass on that energy into 

1 highly penetrating mesotron such as constitute about 
3 o per cent of all the tens of thousands of tracks that 
Anderson and Neddermeyer have photographed, both 
it sea level and on Pike’s Peak. Further, they foimd no 
sxperimental evidence that their mesotrons, much less 
protons, were light enough to transform their energy 
appreciably into bremsstrahlung and thus produce, 
through their absorption in other nuclei, low-energy 
mesotrons; and as to protons, ten times more massive, 
no evidence has yet appeared from anywhere that they 
ever produce any save extremely soft bremsstrahlung. 
However, very able studies on bursts — ^rare events re- 
quiring incoming energies even above 20 bev — ^by Bothe 
and Schmeiser,* Christy and Kusaka,* and in 1946 by 
Lapp® have proved conclusively the existence of two 
sorts of “mesotron bursts,” “fast and slow,” which 
differ in angular spread as well as greatly in energy, the 
latter being the progeny of the former through the inter- 
mediary of “fast mesotron bremsstrahlung photons re- 
sulting from collision with heavy atoms.” 

Again, the evidence that mesotrons originate in 
the impact of photms upon nuclei seems to be checked 
by their recently reported artificial production in the 

^ N<Uurwissenschaften, XXVH (1939), 305. 

® Phvs. R&)., LIX (1941), 414. 3 Phys. Rev.^ LXIX (1946), 321. 
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General Electric’s new hundred-million-volt betatron or 
electron accelerator, invented by Dr. D. W. Kerst, of the 
University of Illinois. This succeeds in creating a beta- 
ray beam of 100,000,000 electron-volts; and, just as in an 
ordinary X-ray tube,^ the impact of these 10® electron- 
volt beta rays upon a target produces up to 10® electron- 
volt X-rays, which, when now passed into a doud cham- 
ber, give rise to ion tracks resembling mesotron tracks. 
In this case there is no escape from the condusion that 
these particular mesotrons, if this is what they are, are 
produced only by the impact of photons on the nudei 
fovmd in the walls of the expansion chamber. 

Comparison of Figures 96, 97, and 98 with their leg- 
ends shows how, within suitable ranges of energy, free- 
electron tracks, proton tracks, and mesotron tracks can 
be unambiguously distinguished. Thus, Figures 97 and 
98 show scarcely differentiable single tracks entering the 
I cm. bar of lead in Figure 97, and the i cm. bar of plati- 
num in Figure 98 (lower picture). The cascade showers 
emerging from the lower side of the platinum bar, in both 
photographs of Figure 98, reveal at once the fact that the 
partides that entered the top of this bar were aU free elec- 
trons. On the other hand, the partide entering the top 
of the upper lead bar in Figure 97 is very penetrating and 
shows no evidence of producing showers in traversing 
either of the two bars of lead. But the legend shows that, 
to possess its measured curvature in the eriatin g magnetic 
field of 15,000 gauss, it might be either a 240X10® elec- 
tron-volt free electron, or a 2X10^ electron-volt proton. 
But the last two columns revealing how great the ranges, 
or distances of travel in lead of these two partides, could 
be before they had exhausted their, energies in producing 




s 

seaas 

0 0 H H H 

11-8 VV VVV 


S? 


MS 


asa 

0 u u 

g^ 8^8 

N 





^' 6 '&'&’& 
' U H H H H H 

* xxxxx 

cq q\ q CO 
co«oo 


these are not protons 


Fig. 98.— These figures show an electron or electrons, rather than 
photons, plunging into a bar of platinum and a number of electron-pairs 
issuing from the lower side of the lead. These show that the tracks en- 
tering the platinum bars at the top, in both the upper and the lower 
pictures, are electrons, not mesotrons. 
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ions, show at once that the particle in question, already 
much too penetrating to be an electron, is also completely 
debarred from the category of protons and that, therefore, 
it, with the other particle shown in Figure 96, must be 
classified as a mesotron. In order to determine their 
masses we need to be able to measure their ranges^ in ad- 
dition to their curvatures; but this Figures 96 and 97 do 
not permit. The necessary conditions for mass deter- 
mination, assuming the charge to be known, are stated 
by Neddermeyer and Anderson® as follows: 

(i) Measurement of range and curvature in a magnetic field, 
(2) ionization (obtained by counting number of droplets per cm. of 
ion track) and curvature, (3) ionization and range, (4) dose elastic 
collisions with electrons, (5) deflection by electric and magnetic 
fields. The first three methods involve essentially the same things 
and require a knowledge of the rdationship between ionization, or 
energy loss, and the velodty of the partide. As the theoretical 
relations for these have been only partially checked by experiment, 
these methods suffer somewhat on this account. They are also 
subject to rather large experimental uncertainties, which vary 
widely with the velodty and proper mass of the partide. The last 
two methods are less open to objections of the first kind because 
they depend only on the most fundamental laws of mechanics 
and electricity. The fourth is perhaps the most powerful method 
of all because it should be applicable over a wide range of momenta 
and masses where the other methods either break down completely 
or are of extremely uncertain applicability. It has, however, the 
experimental disadvantage that data of the right kind are ex- 
tremely rare and under the best conditions only slowly obtainable. 

In view of the foregoing diflficulties and the very great 
importance of a quantitative determination of the mass 

* For a fuller treatment of range relations see Livingston and Bethe, 
jRct. Mod. Pkys.j IX (1937), 261. 

® Rev. Mod. Pkys.j XI (1939), 199. 
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of the mesotron, Neddermeyer and Anderson, in order to 
get a photograph of one coming to the end of its range in 
the gas of the doud chamber, undertook the dfficult task 
of putting a Geiger-Miiller counter inside their doud 
chamber and coupled it, by means of a coincidence cir- 
cuit, to a second counter placed above the doud chamber. 
By this method they obtained one photograph among the 
ten thousand taken that probably contains more informa- 
tion about mesotrons than has been brought to light by 
any single pictxire thus far taken. They discuss it as fol- 
lows: 

Although four independent mass estimates can be made from 
the data provided by this photograph [Fig. 99], the most accurate 
value is to be obtained merely from the initial ffp of the particle and 
the amount of matter traversed before it comes to rest, i.e., its range 
in the gas within the doud chamber. This gas consisted of J 
helium and J argon at a combined pressure of i atmosphere, which 
together with the alcohol vapor in the chamber corresponds in 
stopping power to about 0.5 atmospheres of air. 

The track is seen to be sharp so that very accurate curva- 
ture and range measurements were possible. 

The final determination should be considerably more accurate 
than any so far made. From the best guess we can make at present 
as to the thickness of matter traversed in the counter, the mass 
appears to be about 240 electron-masses. The other three determi- 
nations of the mass, (i) by the relation between the specific 
ionization and the value of Hp for the upper portion of the track, 
(2) by the ionization and Ep below the counter, and (3) by the 
Hp and residual range below the counter, all give values con- 
sistent with the one above. The initial energy of the particle before 
it traverses the counter is 10 Mev and the energy with which it 
emerges is about 210,000 ev. It is perfectly dear that this par- 
tide cannot possibly have either electronic or protonic mass 
[see legend to Fig. 99]. 



Fig. 99. — ^Neddermeyer and Anderson’s photograph of a dying cosmic 
ray-— a mesotron. A positively charged particle of about 240 electron masses 
and 10 Mev energy passes through the glass walls and copper cylinder of a 
tube-counter and emerges with an energy of about 0.21 Mev. The magnetic 
field is 7900 gauss. The residual range of the particle after it emerges from 
the counter is 2.9 cm. in the chamber (equivalent to a range of 1.5 cm. m 
standard air) . It comes to rest in the gas and may disintegrate by the emis- 
sion of a positive electron not clearly shown in the photograph. It is clear 
from the following considerations that the track cannot possibly be due to a 
particle of either electronic or protonic mass. Above the counter the specific 
ionization of the particle is too great to permit ascribing it to an electron of the 
curvature shown. The curvature of the particle above the counter would 
correspond to that of a portion of 1.4 Mev and specific ionization about 7,000 
ion-pairs/cm., which is at least thirty times greater than the specific ioniza- 
tion exhibited in the photograph. The curvature cm.) of the portion 
of the track below the counter would correspond to an energy of 7 Mev, if the 
track were due to an electron. An electron of this energy would have a spe- 
cific ionization imperceptibly different from that of a usual high-energy par- 
ticle, which produces a thin track, and, in addition, it would have a range of 
at least 3,000 cm. in standard air instead of the i.g cm. actually observed. 
Moreover, if the particle had electronic mass and emerged from the counter 
with a velocity such that its specific ionization were great enough to correspond 
to that exhibited on the photograph, its residual range (in standard air) would 
be less than 0.05 cm. instead of the 1.5 cm. observed. A proton of the curva- 
ture of the track below the counter would have an energy of only 25,000 elec- 
tron-volts and a range in standard air of less than 0.02 cm. 
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An interesting feature of the photograph is the fact that the 
particle is actually observed to come to rest in the gas of the 
chamber. No completely certain evidence of a subsequent dis- 
integration [suggested at Pasadena by Oppenheimer and involved 
in Yukawa’s theory] can be found on the photograph. There are, 
however, three droplets which appear on the left-hand image, 
which is the direct view, and also on the right-hand mirror image. 
Stereoscopic observation shows that these droplets line up so as to 
indicate a short segment of an electron track emanating from the 
point in the gas at which the particle came to rest and directed 
toward the counter. Because of the relatively weak light used in 
these experiments electron tracks are very faint. These droplets 
may therefore indicate that the particle after coming to rest dis- 
integrated by the emission of a positive electron. Since the par- 
ticle itself is positively charged it could not have been removed 
by absorption into a nucleus.’^ 

But whatever uncertainty there may be as to the end 
of the mesotron shown in Figure 99, there can be no un- 
certainty as to what happens in the photograph taken by 
Williams and Roberts.^ This shows clearly (Fig. 100) a 
mesotron, definitely measurable as of positive sign, com- 
ing to the end of its range in the gas of the chamber and 
from its end, in the words of the authors, there emerges a 
fast electron tracks the kinetic energy of which is very mmh 
greater than the kinetic energy of the mesotron, but is com- 
parable with its mass energy. This indicates that the 
mesotron transforms into an electron, in which case the re- 
markable parallel between the mesotron and the Yukawa 
particle is taken one stage further. In terms of Yukawa's 
theory, the phenomenon observed maybe described as a 
disintegration of the mesotron, with the emission of an 
electron thus constituting the most elementary form of 
P disintegration." 

* Neddermeyer and Anderson, Fkys, Rev., LIV (1938), 89. 

* E. J. Williams and G. E. Roberts, Nature, CXLV (1940), 102. 
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These photographs are, then, extraordinarily illumi- 
nating as to the mechanism of transmission of cosmic-ray 
energy from the upper regions of the atmosphere to sea 
level and beyond, the assumption being that the energy 
of a secondary photon, for example, formed in the upper 
atmosphere as one of the dements of a highly absorbable 
shower impinges upon a nudeus. There emerges from 
that nudear collision a mesotron or mesotrons, which. 



Fig, ioo.— Williams and Roberts' stereograph of the transformation 
of a positive mesotron at the end of its life-span (10”®) into a positron. 


since mesotrons are penetrating particles, carry the en~ 
ergy rapidly downward while they last (io-‘ seconds) and 
then disintegrate, giving rise at the end of their ranges to 
dectrons, which then produce the cascade showers con- 
stituting the 20 per cent of the tracks observed at sea 
levd. 

An even more illuminating part of this story is told 
by the photographs shown in Figures loi and 102 taken 
by Anderson and Neddermeyer on Pikers Peak in the sum- 
mer of 1^33 and reproduced here with thdr legends just 
as they were written at that time, save for the italics, 
which I have inserted. These legends show how dear an 


Fio. loi. — Pike’s Peak, 7900 gauss. A disintegration produced by a 
non-ionLzing ray occurs at a point in the o.3S-cm. lead plate, from which 
six particles are ejected. One of the particles (strongly ionizing) ejected 
nearly vertically upward has the range of a i .$ Mev proton. Its energy 
(given by its range) corresponds to an Bp = 1.7X105, or a radius of 20 
cm., which is three times the observed value. If the observed curva- 
ture were produced entirely by magnetic deflection, it would be neces- 
sary to conclude that this track represents a massive particle with an 
e/m much greater than that of a proton or any other known nucleus. 
As there are no experimental data available on the multiple scattering of 
low-energy protons in argon, it is difficult to estimate to what extent 
scattering may have modified the curvature in this case. The particle 
is therefore tentatively interpreted as a proton. The other particle 
ejected upward to the right may be either an electron or a fast proton. 
The four particles ejected downward are positively charged and do not 
ionize sujfficiently strongly to represent protons of the curvatures shown. 
If they are positrons, their energies are, respectively, 105, 250, '^Soo, 
and 60 Mev. The summed energies of the six particles produced in this 
disintegration must exceed 1,000 Mev. Since an electron shower, com- 
ing in from above the chamber, occurs on this exposure coincident in 
time with the disintegration in the plate, the latter probably resulted 
from an encounter by a photon or a neutron which was produced along 
with the electrons in the shower. The fact that light particles receive so 
much energy would tend to favor the photon view. This diantegration, 
in which all the ejected particles are probably positively charged, repre- 
sents a process fundamentally different from the usual electron ^ower; 
it shows that charge has keen removed from the nttdeus and made to appear 
in the form of light particles. 
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understanding these authors had at that early date of the 
impossibility of interpreting their cloud-chamber photo- 
graphs without introducing some new properties into the 
ionizing agents beyond those which could be attributed 
to free electrons and to protons. Indeed, these two photo- 
graphs with their legends just as then written may well be 
taken as fixing the date of discovery of the mesotron. The 
last two sentences at the end of the legend under Figure 



Fig. 102. — Pasadena, 4500 ^auss. A complex electron shower not 
clearly defined in direction, and three heavy particles with specific ioniza- 
tions definitely greater than that of electrons. The sign of charge of two 
of these heavy particles represented by short tracks cannot be determined, 
but the assumption that they represent protons is consistent with the in- 
formation supplied by the photograph. The third heavy track appears 
above the o.3S-cm. lead plate, where it has a specific ionization not notice- 
ably different from that of an electron. It penetrates the lead plate and 
appears in the lower half of the chamber as a nearly vertical track near 
the middle. Below the plate it shows a greater ionization than an elec- 
tron and is deviated in the magnetic field to indicate a positively charged 
particle. Its Hp is apparently at most 1.4X10S gauss cm., wkick corre- 
sponds to a proton energy of i Mev and a range of only 2 cm. in the chamber, 
whereas the observed range is greater than $ cm. A difficulty of the same 
natt^ was discussed in the description of Fig. loi. 
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loi show how well the authors realized that there was 
brought to light in this photograph an entirely new form 
of nuclear reaction — one in which, in sharp contrast to 
shower production, a ‘^non-ionizing ray^^ which had to be 
either a neutron or a photon (and they favor the photon 
view) penetrates into the nucleus of an atom of lead and 
causes its explosion, thus ejecting the six mesotron tracks 
revealed in Figure loi. These tracks all start out in all 
directions from a common center. In thei r legend Ander- 
son and Neddermeyer, after showing that the short, 
heavy track shooting upward cannot be a proton or an 
a-particle, is yet “tentatively interpreted as a proton,” 
since the authors had not yet clearly announced the dis- 
covery of the mesotron. 

It will be seen from the foregoing that the nuclear ab- 
sorption of incoming charged-partide energy must be 
quite a complex phenomenon. Indeed, there is already 
evidence for the existence oi at least four different mecha- 
nisms of such absorption, which may be listed as follows: 

1. The first is impulse radiation and pair-formation. 
This seems to be the great, predominant influence in the 
higher parts of the atmosphere and the chief agent, in 
general, of nuclear absorption. 

2. The second is the type of absorption illustrated by 
Figures 63 and 64, that is, by Hoffmann bursts. The evi- 
dence brought forward by CarmichaeP seems to be strong 
that it may happen, though very rarely, that the whole 
energy of 2- or 3-billion-volt photons may be transformed 
in a Hoffmann burst by one nudear encounter into the 
energy of several thousand low-energy electron-ray 
tracks (-1- and — ). This means that the nudear absorp- 

* Ca rmi c h ael, I^rcc, Hay, Soc,^ CLIV (March, 1936), 123-245. The 
essence of Carmichael’s conclusion is that **some process must exist by 
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tion of charged-particle energy should be at least slightly 
more rapid than the Bethe-Heitler law predicts. 

3. The third type of absorption is that first brought to 
light in Anderson-Neddermeyer photographs like Figure 
loi, which showed a nucleus exploding with the emission 
of mesotrons and in some cases also of protons and neu- 
trons. 

4. The fourth type of absorption is the production or 
creation — directly or indirectly, presumably through the 
encounter of photons with nuclei — of the penetrating 
particles or mesotrons which are chiefly, if not wholly, re- 
sponsible for the transfer of the incoming cosmic-ray en- 
ergy to sea level and below. These mesotrons have the 
power at the end of their lifetime (10“^ seconds) of creat- 
ing new electrons and thus carrying showers down to very 
much greater depths than the Bethe-Heitler theory would 
otherwise permit. We need no better evidence for the 
existence of some mechanism that can transfer shower 
effects deep down into the atmosphere, to which the sim- 
ple Bethe-Heitler theory denies them the possibility of 
reaching, than is provided by Figures 59-63, which, while 
taken at sea level, show showers consisting of many elec- 
tron tracks {+ and — ) which are produced by nuclear 
encounters made in the lead by i|-billion and 2-billion- 
volt photons and electrons. Such showers are found by 

wHch a single high energy cosmic ray is replaced suddenly by thousands 
of separate ionizing particles.” The largest burst he observes in 1,500 
hours with a vessel of 175 liters capacity is no larger than we observe 
with a pressure electroscope of i .6 liters capacity. The implication is that 
practically the whole energy of the burst is released in the ionization 
chamber itself. Carmichael never finds this amounting to as much as fif- 
teen billion electron-volts. In other words, once in 100 hours a collision 
may occur in the wall so close to the inner surface as to release most of 
the energy of the incoming ray within the chamber itself. 
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Weischedd/ not abundantly but occasionally, at great 
depths under water. We have, then, direct, unambigu- 
ous evidence that mesotrons have the power of carrying 
down the energy required for these shower effects and re- 
leasing it at sea level or below. 

There are two original artides with which the serious 
student of this fidd can with profit become familiar at 
first hand. The one, by Euler, a pupil of Heisenberg’s 
{Zdt. /. tech. Phys., XVin [October, 1937], 517), is 
remarkable, espedaUy in view of its date, for the correct- 
ness of its analysis and its darily, brevity, and objectivity 
— ^and it is not at all outmoded now. The second, by 
Lapp {Phys. Pev., LXIX [1946], 321), is important and 
very much up to date. From it I quote a few sentences: 
“Burst data constitute the only experimental evidence 
that the majority of very large bursts under thick shields 
are initiated by the bremsstrahlung of a mesotron in the 
electromagnetic fidd of a nudeus. At energies about lo*® 
electron-volts this radiation process (bremsstrahlung) 
predominates over the dose collision (knock on process) 
of a mesotron with an dectron.” This distance in any 
kind of matter at which the radiation-loss of a traversing 
charged partide is just equal to the ionization or knock on 
loss is called a “radiation unit.” For an dectron trav- 
ersing matter this unit is ^ cm. in Pb, i m in water, i km. 
in air. The redprocal of this length is approximatdy 
proportional to pZ*/A, p= density, d=At. Wt, Z=At. 
No. It is only at energies above 10“ dectron-volts that 
mesotron bremsstrahlung becomes important. Meso- 
trons of that energy have a negligible decrease in in- 
tensily in traversing the atmosphere. 

' Weischedel, ZHt.f. Phys., Cl (1936), 744. 
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THE NATURE AND NUMBER OF THE INCOMING 
PRIMARY RAYS 

I. DISTINGUISHING BETWEEN PRIMARY AND 
SECONDARY EFFECTS 

In the earlier years of cosmic-ray experimenting, 
faulty conclusions were inevitably drawn by all of us, 
experimentalists and theorists alike, because of the tacit 
assumption that in our sea-level measurements and other 
experimenting at such altitudes as are attainable on 
mountains we were dealing with ionization produced di- 
rectly by the absorption processes that weaken X-rays, 
beta-rays, or alpha-rays in traversing matter. It was 
1932 before I myself, in my address^ before the American 
Physical Society, laid strong emphasis upon the fact that 
the great bulk of observed atmospheric effects are due to 
secondary reactions, not to primary rays themselves; but 
it was not until 1936 that the experimental proof had 
been foimd in Figure 93, curve A, tl^t not more than one 
in five himdred, even, of lo-biUion-volt incoming charged- 
partide rays can get down to sea levd; and, so far as in- 
coming photons are concerned, their effects are eliminated 
from Figure 93, A, anyway; but, independently of that 
fact, the development by the Oppenheimer-Lauritsen- 
Bethe-Heitler-Bhabha combination of the cascade-shower 
theory in 1933-34, with its verifications, showed that no 
primary photons could possibly begin to get down to sea 
* Phys. Rsv,^ XLin (1933), 661. 
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level in view of the limitations imposed by the shower 
theory. 

Again, the existence of the sea-level cosmic-ray shelf 
at, or close to, the magnetic latitude of Pasadena (41°) 
merely shows that, within the limits of precision of the 
electroscope or other measuring instruments used, only 
incoming free electrons (or possibly protons; see below) 
of energies greater than about 6 bev are able to throw 
any measurable influences down as far as to sea level; 
and, since experiment shows that incoming charged- 
particle rays of energies above 6 billion volts actually do 
make their influence felt at sea level, it is now quite gen- 
erally assumed that they do this through the intermedi- 
ary of the production in the upper regions of the at- 
mosphere, first, of photons and then of penetrating meso- 
trons through the absorption of these photons by at- 
mospheric nuclei. 

Whether the foregoing assumptions are correct or in- 
correct, at any rate. Figure 93, . 4 , certainly contains all 
the ionizing influences, primary and secondary, simple 
and comphcated, that incoming charged particles of mean 
energy 10 bev (contained roughly between the limits 
6.7X10* electron-volts and 17X10* electron-volts), 
whether they be protons or electrons, are able to produce 
in our atmosphere. 

Also, this curve A, Figure 93, acid its logarithmic 
equivalent, constituting the plotted points in Figure 94, 
bear internal evidence that the incoming charged par- 
ticles themselves possess the power of producing by some 
direct or indirect process, as their influence travels 
through the atmosphere, particles more penetrating than 
themselves. This is brought out dearly in the compari- 
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son between theory and experiment shown in Figure 94. 
Thus, on the logarithmic scale used in Figure 94, the full 
curve computed by Carlson and Oppenheimer shows the 
variation of ionization with depth beneath the top of the 
atmosphere as it is predicted in our electroscope for in- 
coming electrons alone by the two fundamental mecha- 
nisms underlying the Bethe-Heitler theory of showers, 
namely, impulse-radiation {bremsstrahlun^ and pair 
formation. The fit is quite good from the top down to a 
depth of 2§ meters of water. However, the fact that the 
experimental points taken from Figure 93, . 4 , reach their 
maximum a little nearer the top of the atmosphere than 
does the theoretical curve indicates that at the top of the 
atmosphere the actual absorption of the energy of the 
incoming charged particles and the consequent multipli- 
cation of ionization take place earn more rapidly than the 
Bethe-Heitler theory predicts. This means that there 
are other mechanisms of incoming cosmic-ray absorption 
and consequent ion formation, besides those postulated 
in the shower theory. Some of these were listed in the 
preceding chapter. But the lower half of the curve in 
Figure 94 shows that there, on the contrary, the ioniza- 
tion is not dying out nearly so rapidly with depth as the 
Bethe-Hdtler mechanism demands. In other words, the 
radiation is becoming more and more penetrating as it sinks 
farther into the atmosphere. This means merely that there 
is some mechanism by which more penetrating carriers of 
the energy downward are being produced in the atmosphere 
by the incoming charged particles. These are the meso- 
trons of the last chapter. Whether the inco min g par- 
ticles that produce these mesotrons are electrons alone 
or protons alone or a combination of the two is discussed 
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in the next section. The net result of the considerations 
advanced in this section is contained in the statement 
that the evidence is good that practically all the cosmic- 
ray effects observed in the lower part of the atmosphere are 
secondary effects — splashes of various kinds — produced in 
the upper layers of the atmosphere by the inflow from out- 
side of electrons (+ and —) or of electrons, protons, and 
photons combined, which, no matter what their energy, cartr 
not themselves penetrate tl^ough the upper layers because 
of the powerftd barrier set by the laws of nuclear absorption. 

n. DISTINGUISHING BETWEEN THE EFEECTS OF IN- 
COMING FREE ELECTRONS AND INCOMING PROTONS 

Above lo’ electron-volts, because of the relativity in- 
crease in mass at speeds that are very dose to the speed 
of light, protons and free electrons are influenced in es- 
sentially the same way by the earth’s magnetic field and 
therefore at a given energy begin to get to earth through 
that field at the same latitude. The earth's field then does 
not distinguish between protons and electrons of energies of 
10^ electron-volts or more. 

This situation, however, does not hold when one is 
considering the facts of impact. In its ability to transfer 
momen,tum, the proton is nearly two thousand times 
heavier than the electron and, for this reason, very much 
more penetrating even than the mesotron. It cannot be 
suddenly stopped, as can the electron, and it is therefore 
much less capable of making radiative collisions and of 
thus creating the impulse-radiation photons necessary 
both for the production of showers and apparently also 
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for absorption by nudei in the creation of mesotrons 
through nudear explosions (Fig. toi). 

But there is also a second difference of very great sig- 
nificance. Through the discovery of the positron and of 
the production of electron pairs, both positrons and 
negatrons are found able to be bombarding the earth in 
equal numbers; but protons are all of one sign, and this, 
in my judgment, is fatal to the proton theory of the in- 
coming field-sensitive partides (see below). These two 
characteristics of protons — ^their massiveness and the ef- 
fect of their unneutralized positive charge — ^will now be 
discussed in connection with the facts revealed in 
Figures 92, 93, A, and 94. 

It will be seen that there is a striking similarity be- 
tween Figures 93, ^ 4 , and 92. The first of these two 
curves can contain no effd:ts save those produced by in- 
coming dectrons (-f and — ) and incoming protons, if 
there are such, but in any case all of mean energy 10 bev. 
On the other hand. Figure 92 contains none of the effects 
of the incoming rays that made Figure 93, A, for they 
have aff been taken out by the subtraction of Figure 92 
from Figure 91. Figure 92, then, contains the effects of 
all the incoming photons of aU energies and all the effects 
of incoming charged partides of all kinds, save those that 
have been taken out because they have energies lower 
than 1 7 bev. The similarity of Figure 92 to Figure 93, ^ , 
plus the facts of page 479, then carries with it the sugges- 
tion that perhaps the greater part, if not all, of the incom- 
ing cosmic rays are simply positive and negative dectrons. 

The first reason for this suggestion is that protons, 
because of their massiveness, certainly cannot be sudden- 
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ly stopped and therefore cannot thus have their energy 
transformed into the photons, such as apparently are es- 
sential for the very rapid absorption very near the top 
of the atmosphere, as is revealed by both Figure 93, A, 
and Figure 92. Second, if it is the absorption of protons 
at the top of the atmosphere that produces mesotrons, as 
has been suggested by advocates of incoming protons, 
since these mesotrons are themselves penetrating par- 
ticles, they cannot, as secondaries, produce the rapid 
ionization revealed at the tops of Figures 93, A, and 92; 
for both protons and mesotrons are non-shower-making 
particles. Third, protons, in so far as all experimental 
evidence that we now have is concerned, are always posi- 
tively charged particles; and therefore there is the same 
reason for denying the possibility of the continuous bom- 
bardment of the earth by high-speed protons as has been 
urged for fifty years for denying the possibility of the 
continuous bombardment of the eartJi by high-speed 
negative electrons, namely, that such a separation of 
charges as that would require creates fields that stop the 
separation. This is why, save in limited and local situa- 
tions, positive and negative charges must be in balance 
throughout the imiverse. I think this has been for at 
leasj fifty years a generally recognized principle. It has 
been worked out recently quite elaborately by Swann.* 
That kind of diflSiculty, of course, disappeared for elec- 
trons with the discovery of the positron and the creation 
of electron pairs which keep incoming electron charges in 
balance. 

For these reasons, in addition to the fact that no one 
has ever seen a negative proton, so far as I can see, incom- 
^Phys. Seo., XLIV (1933), *uid LX (1941), 470. 
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ing protons in place of incoming electrons (+ and — ) 
are not a very rational probability.' Even the restoring 
of electrical balance by assuming that the incoming cos- 
mic-ray particles are half-protons and half-negatrons, 
•while it avoids this difficully, yet it leaves untouched the 
equally serious one of the great penetrability of protons 
because of their massiveness. This would lead, too, to 
the expectation that there would be two latitudes like 
that found at 41° at which the effects of these two differ- 
ent kinds of particle of ■widely different penetrating 
powers first get to sea level through the resistance offered 
by the atmosphere. There is as yet no experimental evi- 
dence whatever for the existence of such an effect. The only 
way that has been suggested by the advocates of incom- 
ing protons to avoid the effect of such penetrability is to 
assume that the incoming protons all disappear very 
quickly in the outermost layers of the atmosphere through 
absorption by atmospheric nuclei; but through such ab- 
sorption they must be assumed to produce mesotrons, 
which are themselves penetrating particles incapable of 
transformmg their energy quickly into ionization. But, 
as already indicated, the upper parts of Figmres 93, A, 
and 94 show that the rate of ion formation must be, if 
anything, greater than, not less than, that produced if 
all the incoming particles are free electrons (+ and — ). 

Again, the assumption of the existence of both posi- 
tive and negative protons, proposed by some, while 
getting around the difficulty of electrical unbalance, 
* An alternative might be the assumption of the complete conversion, 
upon touching the top of the atmosphere, of incoming protons into meso- 
trons, followed instantly, before these mesotrons had traveled appre- 
ciably downward, by their reconversion into electrons. I suspect physi- 
cists will prefer incoming electrons to that kind of h3rpothesis. 
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throws the shape of the absorption curve at the top still 
farther out of harmony with the requirements of the 
Bethe-Heitler theory, which, as Figure 94 shows, closely 
fits the observed curve now but requires, if anything, 
more ionization rather than less to make a more perfect 
fit between theory and experiment. 

The shape, then, of the upper part of Figure 93, . 4 , its 
near-fit in the high atmosphere with the shower curve 
Figure 94, its similarity to Figure 92, and the mherent 
inability of massive particles like protons or mesotrons 
to produce the impulse-radiation photons required for 
high shower-absorption — all these facts speak powerfully 
in favor of interpreting Figures 93, A, and 92 in terms of 
the theory of incoming free electrons (4- and — ) and 
against the theory of incoming protons of any sort. The 
free-electron theory will therefore henceforth be at least 
tentatively adopted. 

m. DISTINGUISHING BETWEEN INCOMING ELECTRONS 
AND INCOMING PHOTONS 

AH field-sensitive incoming cosmic rays must, of 
course, be incoming charged particles, and we shall 
presently determme just what fraction of the total incom- 
ing cosmic-ray energy is brought in by such particles. But 
our experiments have thus far yielded no crucial evidence 
as to the relative rdles played by incoming charged 
particles and incoming photons in producing the non- 
fielA-sensitive part of the incoming observed effects. 
Since, however,- the energies of both incoming photons 
and incoming electrons are initially absorbed in the at- 
mosphere through the same mechanism, namely, that of 
shower-production, and since this process is essentially 
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the same after the first act, whether it is initiated by an 
entering photon or an entering electron, it is clearly im- 
possible to distinguish between the two in the energy 
range above 17 Mev. As already indicated, this would 
not be true if these incoming high-energy particles were 
protons, which, in view of their massiveness and also the 
massiveness of any mesotrons that they might produce as 
secondaries, would presumably show an absorption curve 
whoUy different from that actually shown in Figure 92 
and considered above, because of its likeness to Figure 
93, A, to be due to electrons alone, or possibly to electrons 
and photons combined. For if there are any incoming 
photons, no matter what their energies, they must be con- 
tained, along with the incoming charged-partide rays of 
energy above 17 Mev, in the effects that constitute the 
general cosmic-ray background that is uniform over the 
earth’s surface and that makes up Figure 92. The exist- 
ence of both the equatorial east-west effect and the equa- 
torial longitude effect shows that some part of this back- 
ground of Figure 92 miust be due to charged partides. 

Though we cannot separate these high-energy electron 
rays from photon rays in the non-field-sensitive part of 
the incoming rays, we can find the total cosmic-ray energy 
brought in by the field-sensitive portion, and, further, we 
can find just how it is distributed among rays of di fferent 
energy. Thus the measurement in electroscopes of the 
total ionization produced at all altitudes in flights made 
dear to the top of the atmosphere at San Antonio and 
h^adias has made it possible to determine quite sharply 
tire ionizing effects of a fairly narrow band of incoming 
partide rays of mean energy 10 bev. How much may be 
learned from this may be seen as follows: 
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Since the right side of curve A of Figure 93 falls off 
exponentially and has at sea level (10 meters of water) a 
value of only 0.3 ion, it is clear that the area below sea 
level (or beyond 10 meters) between the curve and the 
X-axis is altogether negligible in comparison with the 
corresponding area above sea level. The directly ob- 
served curve is seen (A, Fig. 93) to extend nearly to the 
top, and the dotted line extends it with very little un- 
certainty’' to the very top. Hence this area underneath 
curve A, when that curve is extended down to sea level, 
is simply the integral or sum of all the ions that all the in- 
coming electrons of energies between 6.7 and 17 bev are 
able to produce per cubic centimeter per second within 
our electroscope as it goes from sea level to the top. 
This actually comes out 2.8X10^ ions. Since all the 
energy of these incoming electrons is expended in produc- 
ing ions, we may then take this area, or this number of 
ions, as a measure of the total energy brought into the 
earth per second per square centimeter of the earth’s 
surface by all the incoming electrons that are included 
within the foregoing energy range. To reduce this to 
electron-volts we multiply by 32 the number of electron- 
volts required to produce an ion pair in air. We thus ob- 
tain 9X10® electron-volts. Again, if we wish to find how 
many electrons within this range of energies hit each 
square centimeter of the surface of the earth (upper 
atmosphere) per second, we have only to divide by the 
mean energy included between 6.7X10* and 17X10*, 
namely, about 10X10*; and we thus find quite definitely 
that one such lo-billion-voU electron enters each square 
centiineter of the surface of the upp& aimosphere eoery iz 
* See Phys. Reo., Lm (1938), 217, for more complete discussion. 
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seconds. We are thus obtaining quite precise and de- 
pendable information about the number of cosmic rays of 
certain definite energies that shoot through space. This 
result, too, would come out quite the same if the incom- 
ing charged particles were protons instead of free elec- 
trons or, indeed, if they were a mixture of protons and 
electrons, the result being given in terms of the number of 
units of electric charges (electrons) freed.' 

* However, the following comparison of results found in Fig. 93, A, 
with numerical calculations applicable only to incoming electrons seems 
definitely to exclude protons as a possibility. The number of charged- 
particle ra3rs falling per second per square centimeter of the earth-sphere 
at the top of the atmosphere is the total inconyng energy, viz., 2.8X 
10^X32 electron-volts-i-ioXio 9 electron-volts =0.09. Call this number 
N. Since N is the number of rays of the given energy entering each square 
centimeter per second, the total number passing through our electro- 
scope of radius r, when it is placed just outside the atmosphere where it 
is exposed to all the rays coming in from all directions from the hemisphere 
above it, is These rays traverse every possible chord of the sphere 

of radius r, and the average length of these chords is 4r/3. If, now, we 
make the assumption that, in view of the extreme thinness of the electro- 
scope wall, the only ionizing effect produced in the air at atmospheric 
pressure within the electroscope (for all the readings obtained with our 
argon-filled electroscopes have been reduced to air at ^ = 76 cm. 
Hg,f = 23® C.) is found in the ions produced in the gas within the electro- 
scope along the ion track, here taken as 60 per centimeter of length, then 
the expression for the number of ions per cubic centimeter per second 
produced in the electroscope by the rays in question is 

2Tn^N , X (y/ 32 , X ^ j j j. pgj. cubic centimeter per second. 

/ 3 

If the foregoing assumption is a correct one, this value of 1 1 ions per 
cubic centimeter per second should give us the intercept of the above 
curve on the ionization axis. In the figure we have extended a dotted line 
from the last observed point to that intercept and thus have obtained 
thcf complete curve to the top of the atmosphere of the ionization pro- 
duced by all the incoming charged particles of energies between 6.7X109 
and st7Xio9 electron-volts. 

5mce the number of ions produced by these rays is seen from A, 
Fig. 93, to reach a maximum of 144 ions per cubic centimeter per sec- 
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We can analyze in- much the same way the curve 
shown in Figure 92 and repeated in the lower curve of 
Figure 94. And when we measure up the area under- 
neath this curve we find it roughly the same as that of 
curve A, Figure 93. More accurately, taking account of 
subsea-level ionization, it is 8 per cent larger than the 
area of the latter curve. We know, then, altogether 
definitely that the total cosmic-ray energy brought in by elec- 
trons of energy above 17 billion electron-volts plus all that 
brought in by photons of all energies is about the same as 
the energy brought in by the electrons alone of energies 
between 6 .y and ipjnllion electron-volts. 

The next experimental step that was clearly indicated 
was to take depth-ionization curves similar to those 
shown in Figures 91 and 92 at a series of latitudes extend- 
ing as far toward the north magnetic pole as possible, so 
as to find the complete distribution of energies of all the 
incoming electrons. In August and early September, 
1937, Dr. Neher and I accordingly made eleven new 
flights, in which we reached a minimum pressure of 9.9 
mm. of mercury, equivalent to 98.8 per cent of the way to 
the top of the atmosphere. Three of these successful flights 
were made at Saskatoon, Canada (60? 3 N. mag.), and 
eight at Omaha, Nebraska, U.S.A. (51.3 N. mag.). Also, 
Figure 90 (facing p. 487) shows a lypical film obtained 

ond, the multiplication of ions in penetrating 0.5 m. of water is about 
J^asthirteen-fold. This is not far from the multiplication computed by 
Carlson and Oppenheimer from the Bethe-Heitler theory of the absorp- 
tion of the atmosphere for electrons of this energy. Their computed num- 
ber for lo-bilUon-volt electrons is 12.6. The resvli ccnstiPuies a bit of new 
evidence that pacticaUy all the incoming ItMude-sensUke rays are d^onsl 
and that no appreciable nmihtat of protons or other penetraHng partides are 
mixed with them. 
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in ohe of these flights with a Neher electroscope. As stated 
earlier, the latter was automatically charged every 4 
minutes from a condenser, which lost not over 0.5 per cent 
of its charge per hour. The total free weight lifted by the 
ten balloons (Fig. 90) arranged in tandem was about 1900 
gm. The instrument alone weighs 1400 gm. The film 
shows the record obtained during a flight of 3 hours and 
20 minutes’ duration. The altitude at which the descent 
began because of the bursting of balloons, at the end of 
about 2 hours, can be seen on the film. The combined re- 
sults of aU these flights at different latitudes is found in 
Figure 103. This shows on the same scale the four 
depth-ionization curves reduced from an electroscope 
fillin g of argon at a pressure of 2 atm. to air at 20° C., 
76 cm. of mercury, taken in the four different magnetic 
latitudes, namely, those of Madras (3° N.), San Antonio, 
(38° N.), Omaha (si?3 N.), and Saskatoon (6o?3 N.). 

The entirely new and quite unexpected result that 
came to light from this comparison was the relatively 
slight difference between the Omaha and the Saskatoon 
curves. This means that, although the blocking effect of 
the earth’s magnetic field is reduced in going from Omaha 
to Saskatoon from about 2.9 to i .4 billion volts, yet there 
is very little new electronic energy that comes into the 
atmosphere in this energy range. 

Again, about July i, 1938, we took similar depth- 
ionization curves at Bismarck, North Dakota (mag. lat. 
56 ?3 N.) and found the curve there quite as high as at 
Saskatoon — apparently a bit higher. Accordingly, the 
conclusion seems justified that, although cosmic-ray elec- 
trons of energies higher than those required to break 
through the blocking effect of the earth’s field at mag. lat. 
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56?3 (Bismarck), namely, 1.9 billion electron-volts, eiiter 
the earth’s atmosphere in considerable abundance, yet 
there are practically no incoming electrons of lower energy 
than those that could just get through at that latitude.^ 
These results are not at variance with those published 
in August, 1938, by T. H. Johnson,* who in counter ex- 
periments extending to an altitude of 2 meters of water 
could not find a difference between the counting rate 
at Minneapolis and at Churchill. Also, Carmichael and 
D5miond’ reported in May, 1938, that, in very conristent 
electroscope readings, reaching altitudes of 12.7 mm. of 
mercury, taken within 5° of the north magnetic pole, they 
got not only the same shape of curve but also, within the 
limits of uncertainty of absolute measurements, about the 
same ionization which we observed at Bismarck and 
Saskatoon. Our own 1932 airplane observations, in 
which we found no difference at 21,000 feet between 
Spokane and Cormorant Lake, also bear on this point. 

Figure 103 shows how one proceeds to obtain a quan- 
titative comparison of the energies brought into the 
atmosphere by cosmic rays of varying energy. The area 
under curve D, Figure 103, of course, represents the back- 
ground of ionization due to non-field-senative incoming 
radiation, which is uniform the world over and upon 
which is superposed, to form curve C, all the additional 

* Published first in Carnegie Inst. Reports, Year Book No. jd (De- 
cember 10, 1937), p. 364. The italicized statement therein contained 
reads as follows: “We reach the conclusion that practicaUy the whole 
energy consent of the latitude sensitive incoming rays is found in a hand 
between 3X10^ and 17X10^ electron volts.^’ See also Science, LXXXVII 
(May 13, 1938), 427; and Phys. Rev., LIU (1938), 855. 

® Phys. Rev., LIV (1938), 151. 

3 Nature, CXLI (May 2, 1938), 910. 
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field-sensitive rays (electrons) which can get through the 
blocking effect of the earth’s field at San Antonio and 
produce ionization within the electroscope. The addi- 
tional field-sensitive rays that, at Omaha, can get through 
the blocking effect of the earth’s magnetic field are re- 
sponsible for curve i3. In a similar way, curve A is 
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Fig. 103, — ^Results of balloon flights at four difierent latitudes 
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formed at Saskatoon. Then, in Figure 104, the three 
curves, A, B, and C, represent, respectivdy, the differ- 
ences between the curves C and D, B and C , and A and B 
of Figure 103. The area under curve A of Figure 104 
corre^onds to the total, or integrated, ionization pro- 
duced per second in each cubic centimeter of the electro- 
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yiG. 104. — ^The areas underneath these curves, A, B, and C, are the 
same as the areas between the curves C and D, B and C, and A and 
respectively, of Fig. 103; and each area represents roughly the energy 
brought in by electrons of the known mean energy 10 billion, 4.8 billion, 
and 2.1 billion electron-volts, respectively. The points A, B, and C on 
the y-axis are the computed values of ionization due to these electrons 
just outside the atmosphere. 

scope by all the incoming electrons passing through it of 
energies between 6.7 and 17 billion electron-volts, the last 
two numbers representing, according to Lemaitre and 
Vallarta’s calculations, the energy required by an electron 
to break through the blocking effect of the earth’s mag- 
netic field at San Antonio and at Madras, respectively, 
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and to enter the atmosphere vertically. The mean 
energy, then, of the incoming electrons producing t h is 
ionization is, as aforesaid, quite roughly about lo billion 
electron-volts. 

Similarly, the area under curve B, Figure 104, is the 
ionization due to the incoming band of electrons of 
energy between 2.9 (Omaha) and 6.7 billion electron- 
volts, or again, a rough mean of 4.8 billion electron-volts. 
Likewise, the area under curve C, Figure 104, is the 
ionization due to the incoming band of electrons of energy 
between 1.4 (Saskatoon)’ and 2.9 biUion electron-volts, or 
a mean of 2.1 billion electron-volts. 

In Figure 105 the rectangular area i, erected on the V 
(or electron-voltXio**)-axis, is made proportional to the 
total or integrated ionization produced in the electro- 
scope by all the electrons that enter between the latitude 
of Saskatoon (6o?3 N. mag.) and Omaha (51 ?3 N. mag.). 
This is the area underneath curve C, Figure 104. Simi- 
larly, the rectangular area 2 is made proportional to the 
total ionization produced in the electroscope by all the 
electrons which get through the earth’s field between 
Omaha and San Antonio. This is the area underneath 
curve B of Figure 104. Again, the rectangular area 5 is 
the area underneath curve A, Figure 104, while the 
rectangular area 4 is the area imdemeath curve D of Fig- 
ure 103, i.e., it represents the total ionization produced in 
the electroscope by aU the rays of whatever nature, 
photons or electrons, which enter the atmosphere in the 
equatorial belt, i.e., at Madras. 

The areas i, 2, and j of Figure 105, of course, repre- 
sent ionizations due to incoming electrons of energies be- 
tween the rough limits shown on the F-axis in the figure; 
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but area 4, on the other hand, represents the total meas- 
ured ionizing effect of aU the rays that enter the equa- 
torial belt, no matter what their nature may be. In so 
far as these rays are photons, we have no knowledge as to 
what energies are associated with them. We merely in- 
clude them with the electron rays of energy above 17 
billion electron-volts (the part of area 4 underneath the 
dotted line) because they are found with them in the 
equatorial belt. 

Having thus built up from the directly observed 
ionizations the rectangular areas z, 2, and 3, we proceed, 
without in any way changing these areas, to readjust 
their shapes at the tops in the manner that is dictated by 
the single assumption that there is some kind of con- 
timmis distribution of energies of the incoming electrons 
as their energies vary from 1.4 to 17 billion electron-volts. 
This imposed condition leads to the final shapes of areas 
j, 2, and 3, as shown in Figure 105; and it is notable how 
little flexibility in the shape of this curve up to the energy 
value. 17 billion electron-volts is left when the one condi- 
tion of “no sudden breaks in the curve” is imposed. This 
curve, then, gives merely a rough first approximation 
to the actual distribution of incoming electron energies 
up to 17 billion electron-volts. There is no particular 
reason for introducing it, save in the interests of those 
who desire to work with a continuotts distribution, which 
approaches reasonably closely the actual distribution, 
whether that is, in fact, a continuous or a discontinuous 
one. 

The extrapolation of this electron-energy curve be- 
yond 17 billion electron-volts (see dotted lines passing 
through area 4) has a reasonable chance of having some 
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relation to reality, but obviously no certainty. As we 
have extrapolated it in Figure 105, it takes care of some- 
thing more than half of the integrated ionization which 
the electroscope actually experiences in the equatorial 
belt. The remainder of the observed ionization at 
Madras we have here represented by the remainder of the 
rectangle 4, which has been quite arbitrarily made to ex- 
tend about as far to the right as the electron-energy curve 
extends before getting close to the F-axis. This is more 
or less natural because of the rough interconvertibility 
of dectrons and photons through nudear impacts. 
Neverthdess, it is to be emphasized that rectangle 4 is 
inserted merely to have on the chart the representation 
of the total ionization due to all the cosmic rays, no matter 
what their nature may he, that enter the equatorial belt, and 
not to assert that the photon part of area 4 lies between 
the energy limits between which it is found in the figure. 
Where Aese hypothetical photons lie in the energy 
spectrum is of no particular importance for the present 
considerations. 

IV. GENERAL CONCLUSIONS AS TO ENERGY DISTRIBUTION 
AMONG INCOMING COSMIC RAYS 

There are certain definite condusions that can be 
drawn from Figure 104, as follows: 

1. The first is that the cosmic rays as they enter the 
atmosphere unquestionably have, at least roughly, a definite 
banded structure. This has been pointed out repeatedly 
before, but never until now as &e result of direct, m- 
dubitable energy measurements. 

2. The second condusion is that ihe maximum of the 
cosmic-ray energy brought into the atmosphere by electrons 
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in the northern hemis-phere, where our measurements are 
made, lies at about 6 billion electron-volts and that the 
energy-distribution curve of the incoming electrons falls 
off rapidly on both sides of this point, dropping on the 
low-energy side, at 1.4 billion electron-volts, for example, 
to less than a third of the maximum value and on the 
high-energy side, at, say, 20 billion electron-volts, also to 
about a third of its maximum value. 

3. The total cosmic-ray energy brought in by elec- 
trons of energy above 17 billion electron-volts plus all that 
brought in by photons of all energies is about the same 
as the energy brought in by electrons alone of energies 
between 6.7 and 17 billion electron-volts, and this energy 
is fully twice that brought in by all entering electrons of 
energies less than 6 billion electron-volts. In other 
words, the whole cosmic-ray energy comes ia as a rela- 
tively sharply limited band. 

4. Areas i, 2, and j of Figure 105, divided by areas 
I, 2, j, and 4, show that more than 60 per cent of all 
incoming cosmic-ray energy is definitely field-sensitive 
and therefore consists of incoming charged particles, 
interpreted above as incoming free electrons. But, since 
the data entering into the curves of Figure 105 were taken 
in different years, Drs. Neher and Pickering and I de- 
cided, in 1940, to repeat with great care in rapid succes- 
sion the whole series of latitude measuranents repre- 
sented in Figure 103 (see pp. 583-88) ; and these measure- 
ments yielded the quantitative conclusion that dy per cent 
of all ike entering cosmic-ray energy was definitely field- 
sensitive and of incoming particle energy less than I’j bev. 
At most, then, incoming photons cannot carry as much 
as 35 per cent of the incoming cosmic-ray energy. 
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5. The smallness of the amount of energy brought in 
by photons, namely, only a fraction (probably much less 
than half) of that represented by the area of 4, means 
definitely that the entering electrons have not at all reached 
equilibrium with their secondaries before entering the 
atmosphere; for, in equilibrium, Carlson and Oppenhehner 
have shown that ^^at any energy and thickness t> i (^= 
0.4 m of water) there are always more 7-rays than elec- 
trons,’’^ while in Figure 105 the area assigned to photons 
is scarcely more than one-sixth that assigned to electrons. 
This last conclusion does not rest solely upon the ac- 
curacy of the Carlson-Oppenheimer computations; for, as 
shown by the turnover points of the curves in Figures 92 
and 93, entering electrons, even of a mean energy of 10 
billion volts, do actually get into equilibrium with their 
secondaries before they have penetrated even one- 
twentieth of the way through the atmosphere; so that, 
if it is considered as established that the entering particle 
rays are electrons,® the smallness in the number of ac- 
companying photons shows, from nothing more than a 
qualitative point of view, that these rays cannot ever have 
come through an appreciable amount of matter in compari- 
son with an atmosphere before entering the solar system. 

' Phys. LI (1937), 225. 

* This was the conclusion reached in Phys. Rev.j LIII (1938), 217. 
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THE ATOM-ANNIHILATION HYPOTHESIS 
AS TO THE ORIGIN OF THE 
COSMIC RAYS 

I. THE PLACE OF ORIGESr OF COSMIC PAYS 
At the end of the last chapter, in view of the smallness 
in the number of photons foimd in the incoming cosmic 
rays, we were forced to the conclusion that these rays 
come into the atmosphere without having traversed 
enough matter to get into equilibrium with their second- 
aries and therefore cannot either have originated within the 
stars or, for that matter, in any locaMties within the universe 
in which matter is present in appreciable abundance. 

This conclusion was also completely in line with the 
most significant property of cosmic rays which Cameron 
and I had tested with especial care in a valley in the 
Bolivian High Andes in 1926. In our location the Milky 
Way was completely out of sight fully half the time. On 
none of the three electroscopes on which we took readings 
at suitable intervals for several days could we detect 
any trace of an effect due to the appearance and disap- 
pearance of the Milky Way overhead. From these ex- 
periments we concluded that the cosmic rays come to us 
uniformly from all parts of the celestial dome and must 
have their origin in some sort of activity going on in the 
depths of space and certainly ‘^beyond the Milky 

Again, the very existence of such a distribution curve 
of incoming cosmic-ray energies as that experimentally 
* R. A. Millikan and G. H. Cameron, Nature^ CXXI (1928), 19. 

S49 
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found (Fig. 105), with its strong maximum in the neigh- 
borhood of 6 billion electron-volts, is incompatible with 
the idea that the incoming rays, in getting to earth, have 
passed through even as much matter as they encounter 
in the first tenth or even twentieth of our atmosphere; for 
the curves of Figure 103 show how powerfully these upper 
atmospheric layers absorb and in what way they trans- 
form an entering band of a given mean energy. Thus, 
smce the original incoming electrons certainly have ener- 
gies of quite a niunber of different values — some low, 
some intermediate, some high — as shown by Figure 105, 
the energy-distribution curve resulting from the passage of 
these electrons through a small amount of matter would be one 
rising continuously with decreasing values of the energy. 

The evidence drawn from the existence of this strong 
maximum at about 6 bev appears, then, to be in agree- 
ment with that drawn from the smallness of the photon 
component: that the incoming cosmic-ray electrons hcroe not 
passed through an appreciable amount of matter on their way 
from their point of origin to the earth. 

We have also given attention to the question as to 
whether the influence of the sun’s magnetic field might be 
responsible for the maximmn at about 6 bev and have de- 
cided in the negative, for the reason that we definitely 
find new rays coming in between Omaha and Saskatoon, 
at which latitudes the vertically entering energies per- 
mitted by the earth’s field are, respectively, about 2.9 and 
1.4 bev. The question here raised involves knowledge 
which we do not yet have as to the strength of the general 
magnetic field of the sun. According to the best existing 
attempts at its determination, the value of that field at 
the sun’s surface is probably dosa: to 16 than to 25 gatas. 
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This first value would put the cosmic-ray cutoff point due 
to the sun considerably north of Bismarck and therefore 
should not affect the curve in Figure 105 appreciably. 

According to the computations of Dr. Epstein/ who 
has made a careful quantitative study of the effect of the 
sun’s magnetic field on electrons coining into the solar 
system, that field would probably entirely block off elec- 
trons starting toward the earth through it if they have 
energies of i billion electron-volts or less. 

The foregoing considerations, taken together, seem to 
me to justify at least the tentative conclusion that the 
cosmic rays have come from their place of origfn in inter- 
galactic space without much modification in transit. 

Since, then, we now have direct, unambiguous proof 
that more than 65 per cent (see pp. 583-98) of the incom- 
ing rays are charged particles that behave as free electrons 
should behave and l^ve estimated from block 4, Figure 
105, that over half of the non-field-sensitive rays, i.e., over 
80 per cent of aU incoming rays,-act like free dectrons, we 
shall now tentatively adopt the “suggestion” growing out 
of the similarity of curves 92 and 93, A, and assume for 
simplicity that practically all incoming cosmic rays not only 
act like, but presumably consist of, free dectrons originating 
in some way from atomic transformaiions taking place, and 
which can only take place, under the conditions existing in 
interstellar space. 

n. HISTORY or THE ATOM-ANNIfflXATION 
HYPOTHESIS 

The first tentative suggestion of atom annihilation as 
a source of the radiant energy of the stars was made by 
'Pkys. Rev., LIII (1938), 862; see also Janossy, Zeii. j. Rhys., 
CIV (1937X 430- 
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Jeans in 1904.* This was at a time at which all mass was 
thought to be of electrical origin, and Jeans’s conception 
was merely that the positive and negative constituents of 
a neutral atom might under suitable conditions combine 
and destroy one another, with the evolution, however, of 
radiant-heat energy; for the great and completely un- 
solved problem of astronomy and geology at that time 
was to obtain some sort of understanding of how the 
sun could maintain its evolution of heat for such huge 
periods as geological evidence seemed to require. 

The next year (1905) Einstein® set up his famous equa- 
tion in which E is energy in ergs, m is mass in 

grams, and c is the speed of light in centimeters per 
second. If the whole mass of a star were thus supposed 
to be fed into the stellar furnaces, the supply of heat 
would be more than enough to satisfy any suggested 
time scale. However, this idea of complete mass annihi- 
lation as a source of steUar heat was not pushed strongly 
until about 1920, when Eddington took it up and made 
it a part of his theory of stellar evolution. 

Meanwhile, Harkins and Wilson,^ at the University of 
Chicago, starting from the idea of the building-up of all 
the 92 elements out of hydrogen, in 1915 developed the 
“packing-fraction” idea, which Aston in 1922 put into the 
form of his famous graph (see Fig. 79, p. 407). 

So far as the packing-fraction idea was concerned, 
while utilmng the Einstein equation, it originally en- 

^ Nature, LXX (1904), 101; see also Eddington, Nature, XCIX 
(1917), 44 S- 

d. Phys., XVni (1905), 639. 

3 Pha. Mag., XXX (191s), 723-34. and XLII (1921), 305. 



THE ATOM-ANNIHILATION HYPOTHESIS S53 


visaged the possibility of the release of heat energy only 
through the act of the building-up of aU the other ele- 
ments out of hydrogen atoms — a process in which each 
hydrogen atom, although in its free state it has a mass of 
1.Q083 atomic mass units, has a mass, after its incorpora- 
tion into the osygen atom, of only i.oooo atomic mass 
units and therefore has lost in the process a portion of its 
mass, namely, .0083 rniits, or roughly i per cent of its 
mass. 

Harkins and Wilson pointed out in their original paper 
that this loss of mass of each hydrogen atom is roughly 
the same, no matter which of the common elements is 
being built up out of hydrogen. In other words, hydro- 
gen, when it goes into the building of any element, as it 
must have done somehow at some time, loses about i 
per cent of its mass, and hence this is all that is avail- 
able for transformation into radiant energy, i.e., for feed- 
ing the furnaces of the sun. 

When in 1928 Cameron and I were seeking a source of 
cosmic-ray energy which would fit our observed absorp- 
tion curves in high-altitude lakes, since Eddington was at 
that time explaining the heat evolution of the stars on the 
basis of the complete annihilation of atoms in the sun, 
knowing from our experiments in the Andes that cosmic 
rays do not come at aH from the sun or stars, we tried out 
the only possible alternative, as we thought, namely, the 
packing-fraction or atomic-^nthesis idea, and found one 
or two of our absorption bands so well fitted by this 
theory that we advanced the tentative hypothesis that 
this building-up process of the heavier atoms out of hydro- 
gen might be going on aU about us in the heavens, the 
packing-fraction energies released in this building-up 
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process constituting the cosmic rays. This was before 
these energies had become definitely known through di- 
rect measurement and when their indirectly estimated 
values seemed to make the loss of mass through the 
building-up of the heavier elements out of hydrogen yield 
adequate energies from the known values of the so-called 
“packing fractions.” 

But, beguming in 1931, this possibility was definitely 
eliminated for two reasons: First, the largest energy ob- 
tainable from packing fractions in the case of any elmient 
of appreciable abundance, namely, iron, was 048 gm. per 
gram-atom, or about half-a-billion electron-volts; but in 
the fall of 1931 Anderson and Millikan first measured 
directl'f the aiergies of cosmic rays and found them 
running up above 6 bev, much higher than could be ac- 
counted for by any possible packing fractions. This 
alone was definite and final. Second, precisely these same 
atom-biulding processes, involving the same packing frac- 
tions, seem now in Bethe’s hands to be successfully ac- 
counting for the sun’s heat.® If this is so, one must now 
assume that those very processes of partial annihilation 
through atom building which we first assumed to be going 
on outside the stars to account for cosmic rays are, in- 
stead, going on inside the sun to account for its evolution 
of heat. But, since experiment says that the cosmic rays 
do not come from the sun or the stars anyway, one is 
now debarred also from using these same processes to ac- 
coimt for them. In other words, there is abundant rea- 
son for retaining the principle, beautifully illustrated by 

}Phys. Ren., XL (1932), 325; also XLI (1932), 405, and XLV 
(1934), 3 S 2 - 

? Phys. Rev., LV (1939), 103, 434; Pkys. Soc. Reports (1939), pp. 1-15. 
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Bowen’s interpretation of the nebulimn lines,* that the 
conditions existing in interstellar space make possible at least 
some ioris of atomic energy transformations that are for- 
bidden within the stars or wherever matter is under in- 
cessant molecular bombardment. There is, of course, no 
doubt about it at all in the case of the origin of the 
nebulium lines. 

Both of the foregoing difficulties — ^namely, that oc- 
casioned by the enormous energies and that by the uni- 
formity of distribution of the apparent sources — disap- 
pear if one simply reverses the former suggestions and as- 
sumes that the sun’s heat is due to atom building going 
on in its interior, while cosmic rays are due to the complete 
annihilation process going on in interstellar space or, better, 
to the complete, instead of the partial, transformation of 
the rest-mass of the atoms into cosmic-ray energy. The 
question which one then faces is: How well does this last 
suggestion work quantitatively? 

There are two definite quantitative facts that have 
already been established, namely, (r) Figure 105, repro- 
duced from Physical Review, LIII (1938), 859, shows a 
maximum of incoming “charged-particle” energy some- 
where between 5 and 10 bev; and (2) certainly not less, 
and probably much more, than 60 per cent of the .total 
incoming cosmic-ray energy is carried by these charged 
particles, for this is the ratio of the sum of the areas of 
blocks I, 2, and 5 to that of i, 2, 3, and 4 (see table in 
Fig. 105). 

^ Astrophys. Jour., LXVII (1928), i. Also for fuller discussion of the 
foregoing suggestion see Millikan, Neher, and Pickering, Pkys. Rev., 
LXI (1942'), 399 and 400. 
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in. IHE ABUNDAKCE OF THE COMMON ATOMS IN INTER- 
STELLAR SPACE AND THE ENERGIES AVAIL- 
ABLE FROM THEM 

But now, to carry through the desired computation, 
one must know what are the most common elements in 
interstellar space, where the cosmic rays seem to origi- 
nate. Here again another of Bowen’s remarkable dis- 
coveries is ready to be called upon, for Bowen and Wyse,* 
by spectroscopic observations on the ring nebulae, have 
made determinations of the relative abundance of the 

* Bowen and VJyst have recently made by spectroscopic means a 
determination of the abundance of the elements in the nebulae and pub- 
lished the same in Lick Obs. Bvll.y XIX (1939) , i . Their results are shown 
in the accompanying table in which the figures given in the abundance 
columns are the exponents required to indicate the number of atoms in a 
given volume of space. Thus the number ii following hydrogen means 
10** hydrogen atoms, while the number 9 opposite carbon means io 9 car- 
bon atoms, etc. The imcertainty sign ^ associated with silicon in the 


Element Abundance Element Abundance Element I Abundance 



table is due, Bowen says, to a slight uncertainty as to whether one of the 
critical lines used is surely a silicon line or not; but, in any case, since 
alu m i num has an atomic weight of 27, its cosmic-ray influence would be 
inseparable by our tests from that of silicon (at. wt. 28), and similarly 
any possible effects due to phosphorus or sulphur would be so close to 
those of silicon as to be separately distinguishable with great difficulty. 
This composite influence may then, for simplicity, be called the 'ffiypo- 
thetical silicon band.” Also, the oxygen band may have in it some effects 
of neon-annihilation, for Bowen’s table gives neon about a tenth the 
abundance of osygen. It should produce annihilation rays of energy 
value 9.4 bev. 
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atoms In the spaces between the stars. Also, AUer and 
Menzel’s recent determinations {Astrophys. Jour., CII 
[1945], 263) check sufficiently well for our purposes the 
Bowen and Wyse results, though they make hydrogen’s 
and helium’s abundance relative to carbon, nitrogen, and 
oxygen some ten times greater than do Bowen and Wyse, 
and they give no data on silicon. Siace the ring nebulae 
studied are in some cases more than a light-year, 6,000 
billion miles, from the exciting star, one can scarcely fail 
to take the estimates of relative abundance as applying 
to interstellar and, in view of our Milky Way tests, also to 
intergalactic space. 

Here are the results of the foregoing authors. They 
find that hydrogen atoms and helium atoms stand first 
and second in abundance, hydrogen beiug about ten times 
as abundant as helium. They find, further, four other 
atoms all having about the same abundance, which, how- 
ever, in each case is only about one-tenth the abundance 
of helium. No other atoms have more than one-tenth of 
the abundance of any of these four, and most of the rest 
have less than one-himdredth. These four most abun- 
dant atoms are carbon, nitrogen, oxygen, and silicon.^ The 
predominant abundance of these four atoms is also in line 
with their known structures and stabilities. 

Now, the rest-mass energy of the hydrogen atom 
comes out by Einstein’s equation just a little less than 
I bev (accurately, 932 million) . If, then, this rest mass is 
capable of being transformed completely into cosmic 
rays, since the momentum principle must in any case be 
satisfied, the only way that these two conditions can be 
met is through the appearance of a pair of electrons or 

* See p. 556, n. i. 
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photons,* starting out from the point of annihilation of 
the rest mass of H, in opposite directions, each of energy 
of about 500 , 000,000 electron-volts. Epstein* has shown 
that an electron endowed with this energy could not get 
through the sun’s magnetic field and reach the earth, so 
there is no use expecting to find it here. Even if t he sun 's 
magnetic field were not strong enough to prevent its 
reaching the earth, it could get through the earth’s 
magnetic field only quite close to the ix)lc and, in view of 
its low energy, would be absorbed in the ujjper regions of 
the atmosphere where it would be undetectable by our 
electroscopes or counters, although it might have much 
to do with auroral effects. 

' By the foregoing procedure one finds that helium 
atoms of atomic weight 4 would produce 2 (more accu- 
rately i.9)-billion-volt cosmic rays. According to Kji- 
stein, if one takes the value of the general magnetic iiehi 
of the sun at not over 16 gauss — ^an assumption in line 
with most recent work — then 2 bev charged-particle-rays 
would not be barred by the sun’s field from reaching the 
earth; and, further. Figure 88 shows that th^ would be 
able to get through the earth’s magnetic field vertically 
at all latitudes north of about 54*. The magnetic lati- 
tude of Bismarck is 56?3. Further, if there were any ift- 
coming rays of energy between i .9 and i . 4 bev, Figure 88 
also shows that all these should be able to get through 
the earth’s magnetic field at Saskatoon (mag. lat. 6o?3 
N.). Nor should such rays be barred by the aforemen- 
tioned sun’s field from reaching the earth, so that the total 

‘ In the case of hydrogen, though not in thecaae of the heavier atoms, 
deficiency in mass would bar out prot(»u or neutrons. 

*Phys. Sai., LIII (1938), 869; see ak)o L. Janossy, Zeit. f. Phys., 
CIV (1937). 430. 
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cosmic-ray energy coming in at the latitude of Saskatoon 
and higher should be larger than that entering at the 
latitude of Bismarck. This was contrary to the results of 
our balloon flights (Fig. 103), which reached practically to 
the top of the atmosphere at both Saskatoon and Bis- 
marck.' But if the rays found at Bismarck are, in fact, 
the hypothetical helium band, then there should be no in- 
crease in cosmic-ray intensity in going north from Bis- 
marck, and no such increase has as yet been found by us or 
by anyone else. 

Again, carbon-annihilation rays, if they exist, must 
have an energy of (932X-V') = S.6 bev and, according to 
Figure 88, would begin to come in at the western horizon 
at about latitude 30°, would begin to appear vertically at 
about 42°, and would be fully in on the eastern horizon 
at about latitude 49°. This shows that double, vertical 
coincidence counters should be able to detect their first 
appearance at magnetic latitude 42® or 43°. Similarly, 
nitrogen-annihilation rays of energy 6.5 bev would be ex- 
pected to put in their first appearance in the use of 
vertical counters at about magnetic latitude 39°. Oxy- 
gen-annihilation rays of energy 7.5 bev would be sought 
with a similar technique somewhere between latitude 33® 
and 36°. Finally, another southern edge of a wide cos- 
mic-ray plateau corresponding to the entrance of silicon 
rays would be expected to appear, as one moves north- 
ward from the equator, at a magnetic latitude at which 
the energy required to break through the earth’s magnetic 
field vertically is 14 (13.2) bev; and from that point down 
to the magnetic equator, where in India the energy re- 
quired to get through vertically is 17 bev, there should be 
' Bowen, Millikan, and Neher, Pkys. Rm., LIII (1938), 855. 
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no further change in the intensity of the incoming vertical 
cosmic rays. The observed edges of this succession of 
overlapping cosmic-ray plateaus, corresponding to the 
energies 2, 6, 7, 8, and 14 bev, would not be expected to 
be sharp or, indeed, determinable at all in view of the 
large overlapping of the bands, so long as one uses for 
the detecting instruments electroscopes which respond to 
rays from all directions. But with the use of vertical 
counters this predicted series of bands and plateaus might 
well be located experimentally. 

rv. THE EXPERIMENTAL TESTING IN INDIA OF 
THESE PREDICTIONS 

In order to test the foregoing predictions with any 
sort of accuracy it was obviously necessary to make 
vertical-counter determinations of the latitudes of en- 
trance of vertically incoming cosmic-ray energies, going 
from the equator toward the magnetic pole. It was also 
obvious that if equipment for so doing were available, 
India was the best— mdeed, the only suitable— place in 
the world for the most significant of the tests; for while in 
India it takes 17-billion- volt, vertical, charged-particle 
rays to break through the blocking effect of the earth’s 
magnetic field at the equator, it takes but about 13 billion 
to do so on the other side of the earth; i.e., in Peru, so 
that only in India was there any possibility of finding the 
latitude north of which the hypothetical silicon rays, of 
energy 13.2 bev, would be found and south of which they 
would be absent. Since, according to Bowen, there were 
no atoms of atomic weight between oxygen and silicon 
sufficiently abundant to send into the earth any appreci- 
able cosmic-ray energy, and, similarly, none of atomic 
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weight higher than silicon and of comparable abundance, 
one might expect to find in India a perfectly flat cosmic- 
ray plateau for vertical rays extending from Madura on 
the magnetic equator clear up to about latitude 20°, where 
silicon rays should be able to break through vertically; 
and then on going still farther north one should find a 
sudden rise to a new plateau-level at the latitude at which 
this break-through for silicon rays occurs. 

From the Lemaitre-Vallarta curves it was estimated 
that the vertical energy necessary to get through at Agra 
(mag. lat. i7?3 N.) was 15.4 bev, and that at Peshawar, 
only 7?7 farther north, it was 12.4 bev. We estimated 
that the silicon-annihilation rays, if they existed, should 
appear at about magnetic latitude 20®. On account of 
some uncertainty as to the accuracy of these computa- 
tions, Agra was chosen as the most northerly point at 
which it was safe to make the test and still be fairly sure 
that the point of observation would be south of the lati- 
tude of entrance of the silicon band of energy 13.2 bev 
and hence still on the hypothetical equatorial plateau. 
Peshawar, the most northerly city in India, was chosen 
as the best available place for getting north of the latitude 
of entrance of the vertically incoming silicon band and 
upon the plateau between the latitudes of vertical en- 
trance of the silicon and the oxygen bands. For reasons 
of convenience, Bangalore was chosen instead of Madura 
for making the observations on the equator, since the ap- 
proximate law of change of incoming energy with lati- 
tude (pf namely, cos'* p diflered for <p—f quite immeasur- 
ably from the value for <p= o. These considerations, then, 
determined the choice of locations in India for making the 
tests on the incoming energies of the vertical rays. 
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o Jo^«“”Average data for electroscope flights at magnetic latitude x 7?3 N. and 
3 N. Note that, though the two sets of points on the Madras-Bangalore curve, both 
at 3 mag. lat., correspond to observations taken more than three years apart, one 
smgle curve fits perfectly both series of observations. This sp^ika well both for the 
reliability of the observations and for the reproducibility of the conditions. The area 
^der the Agra curve is here 8 per cent higher than the area under the Ban«lore- 
Madras curve, m agreement with our predictions from Fig, 88 for electroscope read- 
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When the measuring instruments sent to the top of 
the atmosphere are electroscopes or single counters which 
respond to rays reaching them from all directions instead 
of merely from the vertical, the analysis becomes much 
more complicated, especially in equatorial latitudes; but 
the Lemaitre-Vallarta curves (see Fig. 88) show that the 
hypothetical silicon rays of energy 13.2 bev would, in any 
case, be shooting through the top of the atmosphere to 
some extent even at the equator and that tJie atmospheric 
ionization dtie to these rays would therefore increase cern- 
tinuously up to the latitude at which the vertical rays get down 
to earth, and even beyond that to some extent, clear up 
to a latitude of about 40° N. 

As shown in Figures 106 and 107* (see especially Fig. 
107, legend), both of the foregoing predictions as to the 
behavior of Neher recording electroscopes, and double 
counters, the latter designed and made by Neher and 
Pickering, at the Norman Bridge Laboratory in Pasa- 
dena, California, were precisely what was found in the 
India experiments between the magnetic equator and mag- 
netic latitude 2f N., so that, as far as India is concerned, 
the hypothetical silicon hand may properly he said to predict 
satisfactorily both qualitatively and quan&tatively the latitude 
effects thus far observed. 

V. THE PREDICTION OF AND EARLY EVIDENCE FOR A VERY 
LONG PLATEAU OF CONSTANT VERTICALLY INCOMING 
COSMIC-RAY INTENSITY FROM SOUTHERN PERU UP TO 
MIDDLE MEXICO 

In 1933 it was first observed,® as already reported, 
that there was a marked increase in the sea-level intensity 

' H. V. Neher and W. H. Pickering, Phys. Rm., LXI (1942), 407. 

* R. A. Millikan and H. V. Neher, Pkys. Ret., XLVII (1935), 205. 
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_ Ite.107.— Summaryofvertjcal-counterdata. Note that here, as predicted, «Aer« 
w no detectable tncrease whateoer in intensity between Bangalore and A era as measured by 
double vertical-counter indicators, but note also that in going north only the 7?7 be- 
^een Ap and Peshawar, a 21 per cent increase has suddenly appeared, thus bring- 
ing to light (1) the predicted flat plateau of constant cosmic-ray intensity between the 
mametic equator and Agra/or vertically incoming rays and (a) the entrance of what 
we have c^ed the strong silicon-annihilation band between Agra and Pcshawar» 
Note maximum at 610 ions. 
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of cosmic rays when a recording electroscope was sent 
around the world in the equatorial belt from India to 
Peru. Since, according to the hypothesis here being 
tested, the only one of the five hypothetical bands of cos- 
mic rays that has the energy to get into the equatorial 
belt at all is the silicon band, the foregoing observation 
can mean only that these silicon rays, which have not suf- 
ficient energy to get to earth at the equator in India, are 
able to do so in Peru. Furthermore, the energy of these 
rays is 13.2 bev, while the energy needed to get in vertical- 
ly in Peru has been taken for years as only 13 bev — ac- 
cording to Epstein, somewhat less. The observed longi- 
tude effect is, then, in line with the hypothesis under test, 
i.e., the decrease in the blocking effect of the earth’s mag- 
netic field in going from India to Peru should be amply 
sufficient to permit the hypothetical silicon rays to get in 
in full strength vertically in Peru. 

But again, on account of the strong absorption of the 
atmosphere at other angles than the vertical, sea-level 
observations made with electroscopes do certainly cor- 
respond very roughly to vertically incoming cosmic rays 
and should therefore exhibit, though very much less 
sharply, the series of bands and plateaus supposedly 
characteristic of vertical rays rather than Ae very 
gradual changes with latitude in the equatorial belt that 
are characteristic of electroscopes when sent up to the 
top of the atmosphere where rays can pass through them 
from all directions. 

Since, then, the hypothetical silicon rays are already 
reaching the earth in Peru, one may expect, in going 
north from Mollendo, to find, even with electroscopes, 
indications at least of the long plateau that should exist 



$66 


THE ELECTRON 


for vertical rays between the latitude at which the silicon 
rays of energy 13.2 bev can break vertically through the 
earth’s magnetic field and the latitude at which the next 
possible band of rays of lower energy, namely, oxygen 
rays of only 7.5 bev, begin to get through. 

In fact, Millikan and Cameron appear to have brought 
to light this plateau with the use of their sea-level electro- 
scope measurements in the very first trip to South 
America that was undertaken in August, 1926,' to test 
for a latitude effect in cosmic rays; for they found no 
change at all in sea-level cosmic-ray intensity in going 
from about magnetic latitude 28® N., where they first 
got their observations under way in the wireless room 
of the SS. “Mongolia,” and the end of their journey at 
MoUendo just below the magnetic equator. But the 
existence of this predicted sea-level plateau is more sig- 
nificantly indicated, as it should be, by the much more 
careful readings shown in Figure 86, prepared when the au- 
thors were guided by no theory at all but were merely trying 
to get as accurate observations as they could on the varia- 
tion of sea-level intensities as their electroscopes were 
taken from Los Angeles to MoUendo, the Allan Hancock 
yacht, “Vallero III,” stopping, according to instructions, 
for days at a time en route so as to get accurate observa- 
tions at a given latitude.’ 

From the results shown in the upper curve of Figure 
86, the conclusion seems justified that from the magnetic 
equator clear up to 20° N., or possibly 25® N., there is, in 
fact, a plateau of unchanging cosmic-ray intensity, even 
as measured by an electroscope at sea level. This con- 

' See Phys. Rev., LXI (194*), 403. 

» R. A. Millikan and H. V. Neher, Phys. Rev., LXVJI (1935), 307. 
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trasts strikingly, as the lower curve of Figure 86 shows, 
with the continuous rise between o® and 2 5° found on the 
India side of the earth, where the hypothetical silicon 
band should come in between these latitudes. 

There is indeed in the upper curve of Figure 86, as it 
is drawn, the beginning of a rise between 20° and 25°; but 
it is, in any case, very slight and from the point of view 
of this h3rpothesis would not be there were it not for the 
imperfectness with which electroscopes at sea level isolate 
vertical rays. Indeed, for strictly vertical rays the 
plateau should extend up to about latitude 33° or 34°. 
Such was our published prediction in 1941* before we had 
made any further attempt to verify it. 

Again, the sea-level observations made in 1932 both 
by Bowen, Millikan, and Neher and by A. H. Compton 
brought to light with great definiteness the “cosmic-ray 
shelf” shown so strikingly in Figure 86 and which is in 
exactly the latitude in which it should he to indicate the en- 
trance into the atmosphere of the hypothetical oxygen and 
nitrogen bands of energies 7.5 and 6.5 bev. From the 
Lemaitre-Vallarta curves reproduced in Figure 88, it is 
estimated that these two bands should have been able to 
get to the earth vertically at magnetic latitudes between 
33°-36° and 37°-40®, respectively. 

However, it is to be'fespecially noted that the flatness 
of the cosmic-ray sea-level plateau, which is actually 
found north of magnetic latitude 41®, cannot be taken as 
indicating the absence of incoming cosmic rays of energies 
immediately lower than 6 bev, since there is every evi- 
dence that 6 bev is about the lower limit of the energy of 

> R. A. Millikan, H. V. Neher, and W. H. Pickering, Pkys. Reo., 
IXL 405* 
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incoming rays which have the capacity to throw appreci- 
able influences of any kind down to sea level through the 
absorbing effect of the atmosphere. Other evidence from 
higher up in the atmosphere must then be sought for the 
existence of bands’ of carbon and of helium rays, as well 
as for the theoretical cosmic-ray plateau between these 
hypothetical carbon rays of energy 5.6 bev and helium 
rays of energy i .9 bev. 

Strong supplementary evidence for tlie e.xistence of 
the long plateau of constant cosmic-ray intensities be- 
tween the latitudes of entrance of the hypothetical silicon 
and oxygen bands is found in the records of airplane 
flights made both in Peru and in Panama in the fall of 
1932 and reproduced* in Figure 82. The lower of the 
three curves shows that even up to the altitude of 22,000 
feet one could find no difference between cosmic-ray in- 
tensities in the latitude 0° and 20°, for one and the same 
curve is nicely fitted by the points taken at both latitudes. 
Not only is this in marked contrast with what is found in 
India with electroscopes at these altitudes in going from 
0“ only up to i7?3 instead of from 0“ to 20° (see Fig. 106, 
the Agra curve being consistently above the Bangalore 
curve), but it could not exist if there were rays of any ap- 
preciably larger energy than the oxygen rays coming in 
between the hypothetical silicorrand oxygen bands; for 
the Lemaitre-Vallarta curves (Fig. 88) show that oxygen 
rays of energy 7.5 bev could not get in at all at 20®, while 
any rays of energy much closer to that of the 13.2-bev 
band should have been able to do so. Hence, arguing 
merely by analogy with the behavior of the silicon band 
in India, there should certainly have been a difference be- 

' Bowen, Millikan, and Neher, Phys. Rn,, XLVI (1934), 64*. 
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tween the readings in Panama and Peru, especially at 
22 ,ooo-foot altitudes. These Panama-Peru observations 
are, in fact, in all respects consistent vdth the hypothesis as 
to the existence of the long plateau between the latitudes of 
entrance of the hypothetical silicon and oxygen bands. 

VI. VERTICAL, DOUBLE-COLTNTER PROOF IN MEXICO IN 

DECEMBER, 1941, OF (l) THE LONG PLATEAU BETWEEN 

MAGNETIC LATITUDE 0° AND 33®, (2) THE ENTRANCE OF 

OXYGEN- AND NITROGEN-ANNIHILATION BANDS 

I. The first of the three foregoing predictions actually 
made in 1940 and published in April, 1942 — eight months 
before we could make any new experimental tests — ^was 
that, if sea-level observations (or ground observations re- 
duced to a common level) were taken with double vertical 
coincidence counters instead of with electroscopes, the 
heretofore observed increase in cosmic-ray ionization rate 
that sets in with electroscopes at magnetic latitude 21°, as 
shown in the upper curve of Figure 88, would not appear 
until about the latitude at which the oxygen- (or neon- 
oxygen) annihilation band (at 7.5 bev) would be expected 
to get vertically through the earth’s magnetic field, say, 
at magnetic latitude 33°-36° N. Here a rapid rise should 
set in and be completed when the observers had moved 
northward 6° or 7° or enough to enable both oxygen- and 
nitrogen-annihilation rays (at 7.5 and 6.5 bev) to break 
vertically through the earth’s magnetic field. This lati- 
tude of full appearance at sea level of vertically incoming 
nitrogen rays was expected, from previous experiments in 
taking electroscopes south on shipboard from Los Angeles 
harbor (mag. lat. 40?4), to be within less than a degree 
of that harbor, which is itself nearly half a degree south 
of Pasadena (40® 7 )- 
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No further sea-level rise was expected in going north of 
the latitude of entrance of the nitrogen-annihilation rays, 
since carbon-annihilation rays (of energy 5.6 bcv) were 
not thought able to extend their influence down as far as 
to sea level. Indeed, electroscopes taken on sca-lcvel 
voyages in summer had never shown any rise in going 
north of Pasadena. 


TABLE XIX 

Summary of Ground-Level Counts with Standard Counter 
Set from Acapulco to Pasadena 


Location 

Counts 

Time 

in 

Min- 

utcs 

Rate 

jier 

Min- 

ute 

Paulin 

Har. 

Read- 

ing 

Cor* 

rected 

Rule* 

Acapulco (mag. lat 2s“8) 

S,oo4 

208 

24 0 

ao 01 

24 0 

Valles (mag. lat. 31 ?o) 

6,005 

246 

24 4 

20 02 

25 3 

Victoria (mag. lat.3a?8) Dec 10 

13.S8S 

SOI 

27 .0 

20.01 

25 0 

Victona(mag.lat. 32?8)Dec.a8 

8,086 

304 

a6.6 

20.30 

26 I 

Monterrey (mag. lat. 34?6) . . 

5,707 

t 07 

20 5 

28 4a 

26 5 

Laredo (mag. lat, 36:7) . ... 

16,408 

633 

as 0 

ao.70 

26 A 

San Antonio (mag. lat. 38?7) . . 

6,747 

230 

25 a 

20 25 

27 6 

Junction, Texas (mag lat, 38?7 ) 

ii,X7x 

370 

30 2 

as 17 

25 5 

Pasadena (mag. lat. 40?7) .... 

20,736 

1073 

27 7 

20- 50 

27 7 


Mean 

Katcf 


too xoo 


* Corrected rates to Paulin barometer reading of a9.5o. Correction o [ ikt o i**. 

tTTie last column shows no change from Acapulco to Valles (5 ?j»36o mi.), but a 
3.5 increase to Victoria (i?8—ia4 mij, a further increase to Monterrey (iTR-iai mi,), 
another increase to San Antoiuo (5?8»4oo mi.), and a final increase to Piaadena 
14s nii.). 


The observed ground-level counts on this trip, taken 
with the same standard counter set and corrected as indi- 
cated to reduce them to a common elevation, were as 
shown in Table XIX, the accurate value at Pasadena, 
representing 29,736 counts (18 hours), being taken as 100. 
Since the readings at Acapulco, Valles, Monterrey, San 
Antonio, and Junction contain but from 5000 to 10,000 
counts each, it is estimated that they should be assigned 
an uncertainty of about 2 per cent, or twice the statistical 
“probable error” which for 6000 counts is about 1 per 
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cent. Within these limits the readings all show a satisfac- 
tory consistency, though those at San Antonio and Junc- 
tion show the maximum permissible divergence. Their 
mean is doubtless a better reflection of the condition at 
that latitude than is either one of the two readings. The 
agnificance of the last mean column of Table XIX in 
terms of the hypothesis is: (a) that the oxygen-annihila- 
tion rays are fully in at Monterrey, about 3° above the 
latitude at which their effect first began to appear, viz., 
just a little south of Victoria (the effective angles covered 
by the counter-pair were 25° crosswise, 45° lengthwise) ; 
(b) that at Laredo, 2° above Monterrey, the effects of 
vertically entering nitrogen rays have not begun to ap- 
pear, in other words, that there is here some evidence for the 
existence of a very short, but possibly observable, plateau be- 
tween the latitudes of first entrance of vertically incoming 
oxygen- and nitrogen-annihilation rays; (c) that nitrogen- 
annihilation rays have begun to appear in the 2“ interval 
between Laredo and San Antonio, i.e., at about mag. lat. 
37°; id) that, as in the case of oxygen, 3° farther north, 
i.e., by lat. 40®, these nitrogen rays are fully in, as the 
Pasadena reading at lat. 40^7 shows; (e) that, as Bowen’s 
spectroscopic observations indicated, the incoming oxy- 
gen and nitrogen rays are very closely equal in energy, the 
additional percentage of counts brought in by oxygen 
being 95.3—90.5=4.8 and that by nitrogen 100—95.3 = 
4 . 7 - 

So far, then, as vertically incoming ground-level readings 
are concerned, the predictions of the hypothesis are verified 
with unexpected completeness. 

2, The second test of a prediction from the hypothesis 
is found in a comparison of the total energy coming in 
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vertically at Peshawar, India (mag. lat. 25°), and Aca- 
pulco (mag. lat. 25?8). 

The hypothesis requires that the vertically incoming 
rays measurable at both places be simply silicon-annihila- 
tion rays. They should, therefore, be of the same total 
energy, unless the intensity of these rays had changed in 
the two-year interval between the times of measurement 
at these two widely different localities. 

On the other hand, any kind of continuous distribu- 
tion in the energy of the vertically incommg rays requires 
that the energy coming in at Acapulco be larger than that 
at Peshawar, and that for two reasons: First, Acapulco is 
o?8 farther north than is Peshawar, and hence for any 
continuous distribution law should let through more rays 
for this reason alone. But, second, the earth’s retarding 
magnetic field is, in fact, notably weaker at Acapulco 
than at Peshawar, so that, with any continuous distribu- 
tion of incoming energies, more rays should have the 
energy to get through at the same latitude in the Americas 
than in Asia. The hypothesis in question denies the 
possibility of either of these effects. 

Five different flights were made in Acapulco to test 
this point, four of them being reasonably successful. The 
fifth was not usable. The best of these flights (Fig. 108) 
gave within 6 per cent the same vertical cosmic-ray 
energy as that found in the observations taken in Pesha- 
war two years earlier. The mean in Acapulco, however 
(see Fig. 109), was 8.3 per cent lower, not higher, than 
that in Peshawar. This result, then, is definitely incon- 
sistent with the continuous energy-distribution h3q>oth- 
esis unless a very considerable reduction in incoming 
cosmic-ray energy be assumed to have taken place since 
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January, 1940, when the measurements at Peshawar were 
made. On the other hand, a much smaller change, or 
possibly no change at all, would be necessary to bring 
the readings into harmony with the atom-annihilation 
hypothesis, since the observed differences could be more 
than covered by a 5 per cent uncertainty such as we had 
estimated might exist both at Peshawar and at Acapulco. 


800 





SINGLE, SELF-CONSISTENT 
^ ACAPULCO FLIGHT |?42 

DECEMBER 21, 1941 

SHOWING ESSENTIALLY THE SAME 
VERTICALLY INCOMING ENERGY AS 
WAS FOUND IN PESHAWAR, INDIA 
(MAG. LAT. 25“N.) IN JANUARY, 1940. 
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Fig. 108.— -Best single-flight curve taken at Acapulco. Area about 
$.8 per cent less than the corresponding curve taken at Peshawar (see 
Fig. 107 with max. at 6x0). Here maximum is at 587. 
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However, two sets of observations taken four years apart 
(1936-40) in both Madras, India, and San Antonio, 
Texas, have shown no evidence of a time-change in this 
particular four-year interval, so that it is perhaps better 
to explain the 4.2 per cent divergence of both the Pesha- 



Fig. io9.~-Every individual observation taken in all four of the 
Acapulco flights is recorded in Fig. 109. The best obtainable smooth 
curve IS drawn for each of the four flights. The final full curve shown is 
the anthmetic mean of these four curves. Here maximum is at 560 ions. 
^ In general, in all these curves each recorded point Is the actual count- 
ing rate in a 4-minute interval in that flight at the recorded mean pres- 
sure in that interval. ^ 
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war and the Acapulco curves from their mean as falling 
within the limits of observational uncertainties, especial- 
ly since different counters and different modes of record- 
ing were used in taking them. Indeed, Figure 109 shows 
tliat with different counters and in successive flights made 
on the same or successive days the divergence in curves is 
sometimes as large as that shown between the Peshawar 
and the Acapulco curves. 

3. A third and a most striking and unambiguous veri- 
fication of prediction is seen by comparing the mean curve 
at Acapulco (Fig. 109) with the mean curve at Valles 5? 2, 
or 360 miles farther north (see Fig. no). These curves 
show no differences at all. This result, taken in conjunc- 
tion with the result of the airplane flights at Panama and 
Arequipa in 1932 (Fig. 82, p. furnish excellent proof 
of the existence of the long plateau of constant cosmic-ray 
intensity extending from the equatorial latitude in Peru clear 
up to about mag. lat. ^ 3 ° in Mexico. Furthermore, these re- 
sults are m full agreement with the "ground-level” findings 
stated in Table XIX above. 

4. Although there were found in going north from 
Acapulco to Valles (360 miles) no additions at all to the 
vertical rays coming in at Acapulco, yet in going only 114 
miles still farther north, viz., from Valles to Victoria, both 
the ground-level counts and the total vertically incoming 
energy obtained from the Victoria flight curves show an 
unambiguous increase (see Figs, in and 112). 

5. There is evidence in the flight curves taken at 
Victoria that it is within a very few miles of Victoria that 
the oxygen-annihilation rays begin to get in vertically. 
The ground-level reading was taken in the hotel grounds 
in the middle of the city. To avoid interference during 
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the flight, the truck was driven out into the “bush,” not 
over 4 miles southeast of the town, and the flight there, 
in which the wind carried the balloons a little north of 
east, revealed notably more incoming energy (see dotted 
curve. Fig. 112) than did either of the two flights in which 
the wind carried the balloons a little south of east, so that 
it seem to he right at the latittide of Victoria that the oxygen 
group of annihilation rays first gets in vertically. 



Fig. 1 10. — ^The full curve is the arithmetic mean of the curves from 
the flights, two only, made at Valles, all observed points being recorded 
as in Fig. 109. Maximum at 560 ions. 
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Mcmts or wnER 

Fio. n I. —Flight showing largest energy-area of any of the three 
flights made at Victoria. In this flight the balloon went north of east. 
Maximum at yao ions. 
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Fig. 1 1 2. —The full curve is the mean of two flights at Victoria when 
the balloons went south of east; the broken curve, the single flight in 
which the balloons went north of east. Therefore the latitude of Vic- 
toria, mag. 52?8 N., is thought to be very close to the latitude of first 
entrance of the neon-oxygen-annihilation ray band. Maximum at 
625 ions. 
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vn. A FIRST ATTEMPT TO TEST IN THE UNITEB STATES 

THE PREDICTIONS OF THE HYPOTHESIS OF THE EXIST- 
ENCE OF THE CARBON- AND HELIUM-ANNIHILATION 

RAYS 

In spite of the very great pressure of war work at that 
time, the authors took off one week at the end of March, 
1942, to try to test the prediction of the hypothesis, first, 
as to entrance not far north of Pasadena of a band of 
carbon-annihilation rays (5.6 bev); second, of the exist- 
ence north of this latitude of a flat plateau of constant 
cosmic-ray intensity extending up to the latitude of en- 
trance of the predicted band of helium-annihilation rays 
(1.9 bev). Because of unfavorable weather and several 
mishaps, wc got but two good flights, one at St. George, 
Utah (mag. lat. 44?8 N.), which is but 4°, or 287 miles, 
nearer the north magnetic pole than Pasadena (mag. lat. 
40?7 N.), and one at Pocatello (mag. lat. 51® N.), which 
is 6? 2, or 428 miles, nearer the north magnetic pole than 
St. George. These two flights are plotted in Figure 114 
and are to be compared with the mean of two good flights 
at Pasadena recorded in Figure 1 1 3 . It is to be regretted 
that the limited time and other conditions did not permit 
more flights at each of the two foregoing most northerly 
latitudes, so as to add the weight of multiple observa- 
tions to the evidence; and it is proposed to repeat and ex- 
tend these observations as soon as peacetime conditions 
I>ennit. However, these two flights as recorded on the 
moving tape showed excellent consistency, so that the re- 
sults obtained in them should have a very conaderable 
degree of reliability. They seem to show with great cer- 
tainty, first, the entrance of the carbon-annihilation rays 
between Pasadena and St. George and, second, the alto- 
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Fio. 1 14.— Shows that there is practically no new energy entering 
vertically in the long latitude stretch between St. George and Pocatello, 
although there is clear evidence of the entrance of carbon-annihilation 
rays between Pasadena and St. George (Utah). Note maximum at 
980 ions. 
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gather flat plateau extending from St. George to Poca- 
tello. The latitude of entrance of the vertically incom- 
ing helium rays, as computed from the Lemaitre-Vallarta 
curves, is at magnetic latitude 54° N., only 3° above Poca- 
tello. Further, it is certain that between Omaha (mag. 
lat. 5i?3) and Bismarck (mag. lat. s6?3) a group of new 
rays of energy about 2 bev does appear. 

The best justification that we as yet have for this last 
statement comes from our latest electroscope flights made 
in the summer of 1940, immediately after our return from 
India. All the foregoing predictions as to the results to 
be expected from latitude experiments with vertical 
counters in Mexico had been made in the spring of 1940, 
when our success in India first gave us confidence that we 
were on the right track. However, we knew that we 
could not develop the necessary new equipment for 
putting these predictions to careful experimental test in 
less than a year’s time. But we were already well sup- 
plied with excellent recording electroscopes, such as we 
had used, in addition to counters, in India. Sbee, then, 
the total cosmic-ray energy combg bto the atmosphere 
at any latitude, no matter from what direction, is an im- 
portant measurement which could be made most accu- 
rately with electroscopes and since, further, a series of 
such measurements taken m a series of latitudes in such 
rapid succession as to reduce the likelihood of time- 
changes was a matter of considerable importance and 
smee this was the only accurate way of getting the ratio of 
the field-sensitive to the non-field-sensitive bcombg rays, 
we decided m the summer of 1940 to bterrupt, for a 
period of two weeks, both our pressbg war jobs and our 
preparations for the above-mentioned vertical counter 



THE ATOM-ANNIHILATION HYPOTHESIS 583 

tests planned for the year 1941-42, in order to make a 
series of flights with electroscopes in September, 1940. 

We did not regard this as in any way an adequate sub- 
stitute for trying to locate with vertical counters the lati- 
tude of entrance of the vertically incident helium- 
annihilation rays. We still expect to do this as soon as 
postwar conditions permit; but the present data, taken 
in these high latitudes with electroscopes, will be seen to 
throw much light on this point and on other points of im- 
portance, as indicated below. 

This 1940 expedition, then, was undertaken because 
(i) we had the equipment ready and could carry out these 
high flights with electroscopes to best advantage in the 
more stable weather conditions usually prevailing in the 
Middle West in late summer and early fall; (2) because we 
had already found in very high electroscope flights in high 
magnetic latitudes (Omaha, Bismarck, Saskatoon) as yet 
unexplained variabilities with time* which were con- 
spicuously absent in India* and which we thought might 
disappear in part, at least, if a series of flights at different 
latitudes were taken all in one season and in as rapid suc- 
cession as possible; (3) because such a series of more accu- 
rate electroscope flights would establish with greater cer- 
tainty the relation between the field-sensitive and the 
non-field-sensitive portions of the incoming cosmic rays, 
such as had been thus far defined only in terms of the total 
integrated value of the ionization found at a given lati- 
tude through ionization measurements made with electro- 
scopes as they are carried from the lowest point at which 

'See Millikan, Neher, and Pickering, Phys. Rev., LXI (1942)^ 
405-6. 

• /Md., p. 408, esp. Fig. 1. 
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cosmic-ray ionization can be detected up to the top of the 
atmosphere; (4) because, on account of the favorable 
shape of the Lemaitre-Vallarta curves, in high magnetic 
latitudes there was a possibility of throwing sonic light, 
even with electroscope flights, on the reality and latitude 
of entrance of the helium-annihilation band. 

At Bismarck, North Dakota, three flights were made 
on the same day, August 21, 0:940, Drs. Neher and Picker- 
ing doing the observing, the first pair of balloons usc'd for 
carrying up the recording electroscope being released at 
8:45 A.M., the second at 9:50 a.m., and the third at 
1:46 p.M. Four days later, namely, on August 25, 1940, 
three more similar flights were made at Omaha, the first 
ascent starting at 9 147 a.m., the second at 10:36 a.m., and 
the third at 11:41 a.m. This process was repeated at 
Oklahoma City on August 29, at Fort Worth on Septem- 
ber 2 with two flights, and at San Antonio on Septcmlwr 3 
with two flights. All these flights, then, were taken 
within a period of thirteen days, during which the at- 
mospheric conditions were particularly stable. The set 
of resulting curves, therefore, has a much better chance of 
being free from errors caused by possible changes with 
time in the incoming cosmic-ray intensities than have 
those we have previously published, some of which were 
taken some years apart. Furthermore, we have never 
taken a series of flights writh different electroscopes that 
showed throughout as great a self-consistency in each 
given locality as do these. 

Figure 115 shows just how we treatcej the data at 
Omaha, for example. It is altogether typical of the data 
taken in all five of the different latitudes. In this figure 
every one of the readings of the photographic film for each 
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METERS Of WATER 


Fig. 115,— Details showing consistency obtained in three successive 
flights in one day. Similar consistency was shown between the com- 
ponent curves making up each of the five mean curves of Fig. 1 16. 
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METEf^ Of WATER 


Fig. ii6. — Soft helium rays mako Bismarck-Omaha dilTtrence only 
at high altitudes. Their ener^, being but i-o bev, does not enable 
them to extend their influence down as far as to 2 meters of water. But 
the more penetrating carbon rays of three times greater energy ($.6 bev) 
are present in the latitude between Omaha and Oklahoma City and 
hence keep these two curves apart down to about 6 meters of water. 
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of the three flights made at Omaha is first recorded; then 
our procedure for getting the final mean curve for this 
locality from these readings was to draw separately the 
full curve of each flight; then to read off on each of these 
three curves the ionization at a given altitude, say, the 
ionization correspondmg to 2 meters of water beneath the 
top of the atmosphere; then to average these three read- 
ings at 2 meters; and, having obtained this sort of an 
average at a whole series of chosen altitudes up to as near 
the top of the atmosphere as the readings extend, to 
draw through these averaged points the fiinal curve. 
This is the fuU line shown in Figure 1 1 5 . It is reproduced 
again in Figure 116, along with the mean curves obtained 
in this way at all of the five indicated latitudes. The 
area underneath each of these curves is the total integral 
of the cosmic-ray energy entering the atmosphere at the 
latitude in question. It can be reduced, as usual, to 
electron-volts by multiplying by 32, the average number 
of electron-volts required to produce an ion in air. 

From as careful a study as we have been able to make 
of the Lemaitre-Vallarta curves’ reproduced in Figure 88, 
supplemented by a little adjustment, especially in the 
case of the oxygen band because of the evidence already 
presented that off the west coast of South America the 
electronic energy necessary to get vertically through the 
resistance of the earth’s magnetic field at the equator is 
13 bev instead of the 15 bev assumed by Lemaitre and 
Vallarta (probably a correct assumption for computing 
* p. 397; see also Lemaitre and Vallarta's original papers in 
XLIX(i 936), 719, andL(i936), S03; also (1933), 87. The 

computations in Table 3 bc are based on measurements on the original 
I^maitre-Vallarta diagram L [1956], 503, Fig. 10). It is larger and 
more accurately measurable than Fig. 88. 



THE ELECTRON 


$88 

incoming energies north of Pasadena), we have estimated 
in Table XX the critical magnetic latitudes for the entry 
of the cosmic annihilation rays as measured by electro- 
scopes and also, m the last colxunn, by vertical counters. 

Table XX brings to light the bad overlapping of the 
various bands and the impossibility of unscrambling 
them, save in the case of the helium band. But because of 
the wide difference in energy between helium and carbon, 
the former is able to appropriate to itself entirely all 


TABLE XX 

Critical Magnetic Latitudes in North .Vmhrioa 
TOR Entry op Cosmic-Annihilation Rays 


Atom 

Energy 

(bev) 

First Entry 
on Western 
Horizon 

l4\riTt’I)K OP 

Fall Entry 
on Rantcrn 
Horiwm 

Vertical 

Entry 

He 

1.9 

50® 

s«>° 

54" 

C 

5-6 


40° 

4J'’ 

N 

6.5 

27® 

48° 

'K 

0 

7-5 

22® 

46° 



latitudes above 50°, so that on the basis of the atom- 
annihilation hypothesis, if in going north new cosmic rays 
come in between 50° and 59°, they can only be helium- 
annihilation rays. In fact, as shown in Figure 1 16, there 
can be no uncertainty about the appearance of a new 
band of rays between Omaha and Bismarck and a band so 
little penetrating, as helium rays should be, that it cannot 
throw its influence down even to the 2-mcter level, after 
which depth the Bismarck curve is seen in Figure n6 to 
coincide completely with the Omaha curve. 

This is not at all so with the difference between the 
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Omaha and the Oklahoma City curves, because this dif- 
ference is primarily due to the carbon band, for carbon 
rays have an energy of 5.6 bev, which is sufficient to 
throw their influence down nearly to sea level. If, on 
the other hand, one assumed incoming cosmic-ray energy 
lying between the carbon and helium bands, then the 
Oklahoma City curve would certainly be expected to run 
together with the Omaha curve at a much higher altitude 
than Figure 116 shows to be the case. 

We expect as soon as possible to locate the latitude of 
entrance of the vertically incoming helium rays by the 
vertical-counter technique; but the evidence here as to its 
existence and location is so good that we feel confident 
that this prediction will be verified just as the whole 
series of predictions discussed above has been verified. 
But in any case, so far as our experiments have now gone, 
no results have been obtained from our studies in India, in 
South America, in Canada, in Mexico, or in the United 
States which are out of harmony with the predictions of the 
atom-annihilation hypothesis of the origin of cosmic rays. 

Vin. COMPARISON OF THE VERTICALLY INCOMING, FIELD- 
SENSITIVE, COSMIC-RAY ENERGIES BROUGHT TO EARTH 
BY THE ANNIHILATION RAYS OF SILICON, OXYGEN, 
NITROGEN, AND CARBON 

It has been shown earlier* that the background of non- 
field-sensitive cosmic-ray energy is certainly not more 
than 40 per cent, actually 35 per cent, of the total cosmic- 
ray energy with which the earth is being continuously 
bombarded. 

In terms of the total of this non-field-sensitive cosmic- 
' Millikan, Neher, and Pickering, Pkys. Rev., LXI (1943), 397-413. 
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Fig. 117. — Shows that the cosmic-ray energy brought to earth verti- 
cally by silicon-annihilation rays (curves B-A) is ax per cent of the 
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ray energy taken as a base, one can estimate with, con- 
siderable certainty the relative field-sensitive cosmic-ray 
energies brought to earth by the annihilation rays of the 
four atoms, silicon, oxygen, nitrogen, and carbon, as 
follows: To get a numerical value for the base, one meas- 
ures with a planimeter the total area underneath the 
mean Bangalore curve A , Figure 1 1 7. The best measure 
now obtainable for the energy brought in by vertical sili- 
con rays will then be the difference between the area of 
the mean Peshawar curve B and the mean Bangalore 


TABLE XXI 

Areas vnder Curves, Numerioai. 
AND Relative Values 


Bangalore-Madras 

6s 7 

100 

Peshawar 

79.0 

121 

Pasadena 

106.2 

162 

St. George-Pocatello 

122 I 

185 


curve Ai (Fig. 117). Similarly, the difference between the 
area underneath the mean Pasadena curve C and the 
Peshawar curve B is a measure of the joint energy brought 
in vertically by the field-sensitive annihilation rays of the 
oxygen and nitrogen atoms. Some evidence has already 
been brought forward in Section VI for the conclusion 
that these two annihilation rays have an approximately 


energy of the earth’s cosmic-ray nonfield-sensitive or background energy 
(curve A)\ that oxygen- and nitrogen-annihilation rays bring in a joint 
energy (curves C- 5 ) o£ i6a — lai «Bi4i per cent of curve A, the equivalent 
of ao.5 per cent each; that carbon-annihilation rays (curves D-C) bring 
in an energy 185—168, or 23 per cent of curve A ; so that silicon, oxygen, 
nitrogen, and carbon atoms are all thought to contribute nearly equal 
amounts of atom-annihilation cosmic-ray energy, 
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equal energy content. Similarly, the difference between 
the mean St. George-Pocatello curve D and the mean 
Pasadena curve C gives the energy brought in vertically 
by carbon-annihilation rays. The actually measured 
areas underneath these four curves are given in the second 
column of Table XXI, while the third column gives the 
relative values in terms of Bangalore-Madras as a base. 

The energy content of these four annihilation rays is 
thus seen to be very nearly the same, namely, silicon, 21 ; 
oxygen, 20.5; nitrogen, 20.5; and carbon, 23. This is not 
quite the conclusion drawn from Bowen’s spectroscopic 
measurements on ring nebulae; for, according to them, 
the relative abundance, rather than the relative energy, of 
these four atoms in interstellar space is about the same for 
the four. If all these four atoms have the same chance of 
undergoing the transformation of their rest-mass energy 
into an electron-pair, then these cosmic-ray measure- 
ments are in agreement with Bowen’s spectroscopic meas- 
urements to the extent that the same relative abundance 
is assigned by both methods to carbon, nitrogen, and 
oxygen atoms. Since, however, the rest-mass energy of 
silicon is about double that of each of the other three 
atoms, the foregoing evidence for cosmic-ray data would 
indicate an abundance of silicon atoms in interstellar space 
of about half that of each of the carbon, nitrogen, and 
oxygen atoms. This much of a discrepancy would prob- 
ably not be outside the limits of Bowen’s own estimate of 
his uncertainty. 

To account for the fact that 6$ per cent of the total 
incoming cosmic-ray energy is field-sensitive and only 35 
per cent non-field-sensitive (this non-field-senative part 
corresponding to the area underneath the Bangalore 
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curve), it would be necessary to assign to helium-annihila- 
tion rays an incoming cosmic-ray energy in terms of 
Bangalore as a base of (100/.35) — 185 = 100, or four and a 
third times the energy brought in by, say, carbon-annihi- 
lation rays. But, since helium’s rest-mass is but one-third 
that of carbon, its abundance would, from these figures, 
have to be about 4.33 X3, or thirteen times that of carbon. 
This conclusion, however, cannot be drawn; for we tacitly 
assumed that the 35 per cent obtained through electro- 
scope readings would also hold when vertically incoming 
rays were under comparison. But there is no reason to 
expect this to be true. No conclusion in this field can 
then be drawn until we have made our projected series of 
latitude measurements with vertically arranged double 
counters in a series of latitudes north of mag. lat. 51®. 

JX. IHE VARIABILITY IN INCOMING COSMIC-RAY 
INTENSITIES 

We have published on several occasions in recent 
years the discovery of large and thus far wholly inexpli- 
cable changes in incoming cosmic-ray intensities as meas- 
ured by the electroscope technique in the northern part 
of the United States." 

Thus, between August 21 and September 3, 1937, we 
made good flights with electroscopes at Omaha to such 
heights as to get definitely over the maximum of ioniza- 
tion in our electroscopes. The value of this ionization at 
the top, when reduced to standard air density, was 338 
ions/cm.* In 1938 we went purposely to Omaha in 
winter (December 22 and 23) and repeated these ex- 
periments and found a maximum ionization at the top of 
364 ions, an increase of nearly 8 per cent. Again, the 

• See R. A. MiUikan and H. V. Neher, Phys, Rw., LVI (1939). 49 i- 
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maximum ioni2;ation shown at the top in the September 
25, 1940, flights herewith reported (see Figs. 115 and 
1 16) is 413 ions/cm. 3 , an increase over December, 1938, 
of 13.4 per cent. 

Again, the maximum which we obtained in Bismarck 
in the summer of 1938 (July 5) was 374 ions/cm.’^, while 

TABLE XXII 


Time Changes in the Horizontal Component H, of 
THE Earth’s Magnetic Field in c.g.s. Units 



lOiS 

Annual Changes 

1040 

Bismarck 

0.161 

— 0.00027 

O.IS 4 

Omaha 

.197 

— .00049 

.185 

Oklahoma City. . . 

.241 

— .00063 

. 22 $ 

St. George 

.247 

- .00037 

.238 

Mount Wilson 

.265 

- .00035 

.256 


MAGNETIC RECORDS FROM MOUNT WILSON, CALIFORNIA; 
TUCSON, ARIZONA; CHELTENHAM, MARYLAND 


1937 September 3. 

1938 July 10. 
July 15, 
December 22. 

1940 August, 

September 


No storm 
No storm 

Small storm, July 13-17 
H about 0.00030 lower than 
normal 

No storms 


the 1940 maximum found at Bismarck, August 21, and 
reported in Figure 116 was 485 ions/cm.^, or an increase' 
over 1938 of 29.7 per cent. 

Still further, our maximum obtained in Oklahoma 
City in mid-July (ii, 12, 13), 1938, was 280 ions/cm.», 
while the maximum shown in the summer of 1940, 
August 29 (see Fig. 116), is 319 ions/cm.», an increase 
over 1938 of 14 per cent. 
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Contrast the foregoing findings with the following 
facts. We made electroscope flights at San Antonio in 
the summer of 1936 and got a maximum of 234 ions/cm.’ 
and repeated these flights on September 3, 1940, and 
found (see Fig. 116) precisely the same maximum as in 
1936, viz., 234 ions/cm.* Also, not only was our maxi- 
mum at Madras, India, in 1936 the same as in February, 
1940, but, as shown in the report of our India work,* the 
two curves taken four years apart are everywhere indis- 
tinguishable. 

In a word, while the cosmic rays coming in at Madras 
and at San Antonio seem to remain amazingly constant, 
yet those entering in the northern part of the United 
States show amazing fluctuations. 

We seek the explanation of this strange behavior in 
the atom-annihilation hypothesis as follows: We assume 
for simplicity that the cosmic processes creating the cos- 
mic rays cause an essentially constant incidence of all the 
five cosmic-ray bands on the earth. According to 
Bowen, helium is ten times more abundant than carbon, 
nitrogen, oxygen, or silicon; and even from the energy 
standpoint, if the probability of the transformation of the 
whole rest-mass into an electron-pair is the same for all 
atoms, the energy in the helium band is some 3.5 times 
that in the carbon, nitrogen, and oxygen bands, and 
some 1 . 5 times the energy of the silicon band. 

Bismarck and Omaha both lie dose to the southern 
edge of the polar cap of helium-annihilation rays, which 
we have computed as located for vertical-counter meas- 
urements at 54° N. mag. lat. and for electroscope meas- 

« See H. V. Neher and W. H. Pickering, Phys. Rev., LXI (1942), 408, 
Fig. 1. 
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urements at between 50° N. mag. lat. and 59® N. mag. lat. 
With even slight changes in the earth’s magnetism, this 
edge of the helium polar cap will move north or south; 
and, since the resistance to incoming electrons is very 
small in northern latitudes, the relative efffect of changes 
in the earth’s magnetic field may be correspondingly 
large, depending upon the kind of cause that makes the 
change. In equatorial latitudes, where the resistance to 
incoming electrons is, say, eight times larger than at Bis- 
marck or Omaha, the fluctuations in the earth’s magnetic 
field will have smaller influence and no injlmnce at all un- 


TABLE xxni 

Tucson Values or H Corresponding to the Year and Month at 
Which the Foregoing Cosmic-Ray Measurements Were Made 


Omaha 

Bismarck 

Oklahoma <'ity 

Sept. 1-30, 1937, 261897 
Dec. 1-31, 1938, 261627 
Aug 1-31, 1940, 261407 

July 1-31, 1938, 261827 
Aug. 1-31, 1940, 261417 

July I-3S, xo 38 » 261827 
Aug, 1-31, 1940, 2614x7 


less the point of observation is near the edge of one of the 
five polar caps corresponding to the latitude of entrance of 
one of the cosmic-ray bands. 

In the present experiments, according to Table XX, 
the helium rays from the western horizon are already 
passing through the electroscope in the upper levels of the 
atmosphere, and a very little change in the earth’s mag- 
netic field that would make the band move, say, 2® south- 
ward, according to the Lemaitre-Vallarta curves, would 
throw the greater part of the helium band’s energy into 
the top of the Omaha curve. It is presumably actually 
there in those observations in which the Omaha curve runs 
higher than we have observed it to do in any of our other 
trials there. 
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Oklahoma City is the only place, save Bismarck and 
Omaha, at which these changes have been observed, and 
here they were in smaller amount. Oklahoma City is 
actually quite close to the computed latitude of entrance 
of the carbon band. The reason for the high values of 
the Bismarck, Omaha, and Oklahoma City curves in 1940 
is that then the edges of the helium and carbon polar caps 
were farther south than at the time of previous readings. 
Furthermore, as Table XX shows, the width of the slope 
of the rise to a new plateau increases greatly for the more 
southerly bands. This is another reason why a small 
change in the earth’s magnetic field has little effect in the 
more southerly latitudes, but a large effect in the norther- 
ly ones. 

According to this hypothesis, an increase in the in- 
tensity of the cosmic rays at Bismarck and Omaha 
means a southward movement of the edge of the helium 
polar cap, and such a movement, in turn, means a 
weakening in the strength of the earth’s magnetic field. 
Such a weakening is actually shown in Table XXII, 
which has been prepared by Dr. S. B. Nicholson, of the 
Mount Wilson Observatory, who is looking for correla- 
tions between sun-spot activity and magnetic storms 
and who also tells us that magnetic storms in general cor- 
respond to a weakening rather than a strengthening in the 
earth’s field. Further evidence of such weakening of the 
earth’s field between May, 1936, and May, 1938, can be 
seen in Figure i,’ which we took from the paper of S. E. 
Forbush,* of the Carnegie Institution of Washington. 

In a further check on the foregoing apparent cor- 

' See R. A. Millikan and H. V. Neher, Phys. Res., LVI (1939), 49 *- 

“ S. K. Forbush, Phys. Rn., LIV (1938), 973. 
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respondence between cosmic-ray intensity and the 
strength of the earth’s magnetic field in the western part 
of the United States, Director L. 0. Colbert, of the Coast 
Geodetic Survey, has kindly furnished us with the data 
which we have put together in the form shown in Table 
XXIU. This is more definite than Table XXII in indi- 
cating that at every one of the above observed times (year 
and month) in which w? observed an increase in cosmic- 
ray intensity over its value at the same station at some 
other year and month there had also occurred a cor- 
responding small decrease in the horizontal component 
of the earth’s magnetic field at the Tucson magnetic 
observatory. 

X. THE EIELD-SENSITIVE COMPONENT 
OE THE COSMIC RAYS 

In view of the greater accuracy in these electroscope 
measurements than in our preceding ones, we have com- 
puted from the new curves of Figure ii6, combined with 
the unchanged measurements at Madras,' that the fields- 
sensitive component defined througfi these electroscope read- 
ings is dy per cent of all incoming cosmic-ray energy. All 
this is due to incoming charged particles, certainly elec- 
trons or protons. There is at present no way of finding 
what fraction of the non-field-sensitive component is due 
to charged particles and what to photons, though part of 
it is imquestionably due to the former, and probably al- 
most all of it. 

Auger’s eoctended showers. — There are certain types of 
cosmic-ray effects which have been thought by some stu- 
dents of the cosmic-ray problems to be not easily recon- 

> See Figs, i, 7, and 8 of Millikan, Neher, and p4*ckering, Pkys, Rn., 
LXI (1942). 397- 
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cilable with the hypothesis of the transformation of the 
rest masses of atoms in interstellar space into electron 
pairs. Thus, Auger* and his collaborators in Paris have 
found in experiments in the open air coincidences between 
Geiger-Miiller counters placed several hundred meters 
apart in a horizontal plane. By assmning these to be 
due to cascade showers formed at the top of the at- 
mosphere and reaching their maximum at about sea 
level, such showers are computed to correspond at sea 
level to total energies up to io*s electron-volts and are 
assumed to have been produced by primary particles of 
energies even up .to 10** electron-volts. Since no single 
partide has ever been observed by anyone of energy 
above 20X10’ electron-volts, doubts are inevitably raised 
as to the validity of the assumption through which such 
huge particle-energies are obtained. The atom-annihila- 
tion hypothesis applied to the heaviest atom, uranium, 
would yield a cosmic-ray electron-pair, each member of 
which would have an energy of but 126 bev (or 1.3X10“ 
electron-volts) ; and if reliable evidence of the existence of 
higher-energy primary cosmic rays than this should ap- 
pear, then, on the basis of the hypothesis, larger aggre- 
gates than uranium would have to be assumed to be 
transformable into a single electron-pair. Although 
these huge showers are, in fact, very rare events, the time 
does not seem to me yet ripe for such an assumption. 

The Schein, Jesse, and Wollan Experiment ? — So far as 
the atom-annihilation hypothesis is concerned, it makes 
no difference whether the pairs created are electron-pairs 

' Pierre Auger, “What Are Cosmic Rays?” (Chicago: University of 
Chicago Preaa, 1945). P- 96- 

• Phys. Pm ., LVII (1940), 847; LDC (1941). 615 and 930. 
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or proton-pairs. We have thought the evidence for the 
former better than for the latter, for reasons already 
given. Niels Arley,* however, regards the Schein, Jesse, 
and WoUan experiment as “probably the most crucial 
experiment which makes the electron hypothesis irrecon- 
cilable with experimental facts.” This conclusion seems 
to be based on the view that near the top of the at- 
mosphere “the hard component does not pass through 
any maximum” but increases steadily to the top — a view 
definitely negatived by the mere fact that mesotrons, 
which consitute the hard component, are certainly 
secondary particles. The experiment consists in placing 
a counter system beneath plates of lead 4, 6, 8, 10, 12, 
and 18 cm. thick, which are carried up to within 2 cm. of 
mercuiy of the top, and finding no more shower-electrons 
beneath the 4-cm. lead plate than beneath any of the 
thicker ones. 

But at the highest point reached, the total minimum 
amount of matter above the counters was 4 cm. of lead 
plus 2 cm. of mercury, i.e., not just 2 cm. of mercury, as 
shown in the author’s diagram, but, instead, the equiva- 
lent of about 7 cm. of lead. This thickness corresponds 
to the flat portion of the “Rossi shower curve,”* so that 
these results are just what is to be expected from incom- 
ing electrons. More experimental facts are needed be- 
fore this argument for incoming protons is acceptable. 

New facts in the field of nuclear physics, of which cos- 
mic rays are a part, have been coming at an accelerated 
pace within the last decade, and the pace may be expected 
to be still further accelerated in the decade ahead. 

' “Cosmic Radiation and Negative Protons,” Mat.-Fys. Meddel., 
Vol. XXIII (Kobenhavn, 1945). This is an excellent review. 

‘ Pierre Auger, op. cit., p. 44. 
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Large Cosmic-Ray Bursts. — ^Studies based upon the 
use of the earth's magnetic field as a spectrograph for 
finding particle-energies cannot go higher than lyXio** 
electron-volts; but, if the atom-annihilation hypothesis 
is correct, it should not be the limiting energy of incom- 
ing particles, for above the so-called silicon band — a 
complex that may include energies from Mg, Al, P, and 
S without getting outside the limits of our resolution of 
its energy (taken as 13.2 bev) — should come (see Appen. 
I) a much fainter band of about 20 bev, due to the A, K, 
Ca group of atoms, and then a complex Fe band of about 
27 bev, including V, Cr, and Mn, and beyond this might 
come to earth very rare shots originating in still heavier 
atoms; but all this put together must be < 35 per cent 
of the total incoming cosmic-ray energy. 

The experimental situation beyond 17 bev is illus- 
trated by Figures 118 and 119. Figure 118 is a huge 
burst taken on Pike’s Peak in 1935 by Anderson and 
Neddermeyer. It shows hundreds of tracks the number 
and length of which can be estimated and the energy to 
make this number of ions computed. But the method 
growing out of Figure 119 is simpler and more reliable. 
The sudden partial discharge of the filament of the 
Neher electroscope can be accurately measured and the 
energy value of the ionisation produced within the 
electroscope computed from the electrical capacity of 
the system. This technique has been ably used by Christy 
and Kusaka* and by Lapp.* The largest ener^ thus 
directly deserved cM lie within the range electron- 

VoUs. Bursts that contain directly measured energies 
higher than aXio"* occur no oftener than at 4-day 
intervals. However, such studies are in their infancy. 

■ Pkys. Sm., LDC (1941), 414. • Phs- .Rw-. LXES (1946), 3 »i- 



Fig. ii8. — A cosmic-ray burst, showing over 300 tracks, but slightly 
curved in the 7,900-gauss magnetic field. Hence the summed energy of 
these tracks probably exceeds 15 bev, or 1.5X10'® (see Anderson and 
Neddermeyer, Phys, Rev., L [1936J, 265). 


Fig. 119. — h. burst of about 10’ electron-volts revealed through the 
sudden jump of the filament and measured through the electrical con- 
stants of the Neher electroso^ system. 
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Much better understanding of cosmic-ray absorption is 
to be ejcpected from their continuation. 

Cosmic-Ray Summary . — ^The most significant of the 
foregoing cosmic-ray facts may be summarised as fol- 
lows: Cosmic rays have been definitely proved to consist 
mainly of electrically charged particles shooting into the 
earth uniformly from all parts of the celestial dome. 
These particles are certainly either electrons or protons — 
probably the former — ^which bombard our earth continu- 
ously with energies that have been definitely measured 
over an energy-range extending from about 2 bev (billion 
electron-volts) up to 17 bev, within which range 65 per 
cent of all incoming cosmic-ray energy is found. The 
foregoing are the largest particle energies ever discovered 
and definitely measured. They are a thousand times 
greater than the highest particle energies emitted through 
radioactive transformations in the form of the alpha, 
beta, and gamma rays of radium and thorium. 

As to the source of these stupendous particle-energies, 
it is assumed that an atom out in space, freed from the 
effects of bombardment by other atoms, may, when thus 
left to itself for a sufficiently long time, become unstable 
and commit suicide, or, better, transform its whole rest- 
mass energy, m, in accordance with the Einstein equa- 
tion E=‘m<f into the creation of a pair of positive and 
negative electrons, which, in view of Newton’s third law 
of motion, fly apart, each with one-half the energy com- 
puted from the known mass of the exploding atom. 

On this hypothesis, as one moves from the magnetic 
equator toward the pole, there should be found a series of 
successive latitudes, at each of which one or another of 
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the five most abundant atoms in interstellar space' is 
fifst enabled because of its particular energy to break 
through the blocking effect of the earth’s magnetic field 
so as to be observable by man here. Specifically, in go- 
ing north from the equator in India, vertically incoming 
sili con-annihilation rays (13.2 bev) should first appear at 
the magnetic latitude of about 20° or 21°; oxygen rays 
(7.5 bev) should appear at about 33® or 34° in Mexico; 
nitrogen rays (6.5 bev) at about 38° or 39® in the United 
States; carbon rays (5.6 bev) at about 42® in the United 
States; and helium rays (1.9 bev) should appear at 54®. 
Further, as one moves from the equator north toward the 
pole, no new cosmic rays should be found coming into 
the earth vertically between any of these computed lati- 
tudes. The careful stttdy of the latitude distribution of the 
incoming cosmic rays as one goes from the equator toward 
the pole has actually now been found to be in reasonable 
agreement with this theory of their production. 

The total number of the foregoing whole series of in- 
coming cosmic-ray particles that shoot into the top of 
our atmosphere per square centimetir of the earth’s 
sphere at that level is computed by the methods shown on 
pages 536-38 at approximately one shot every 2 seconds. In 
spite, however, of the enormous energy of each electron- 
shot, the total cosmic-ray energy entering the earth in view 
of the relative inf requmcy of the shots is only about the same 
as the energy coming to the earth in the form of starlight— 
much too minute ever to be useful in any way as an ap- 
preciable source of energy even by the corner popcorn man. 

' Save for hydrogen, which, though it is the most abundant of ail ele- 
ments and is, indeed, supposed to constitute 90 per cent of the universe, 
has too little mass-energy to be observable in balloon flights. 
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ne FROM MOBILITIES AND DIFFUSION COEFFICIENTS 

If we assume that gaseous ions, which are merely 
charged molecules or clusters of molecules, act exactly 
like the uncharged molecules about them, they will 
tend to diffuse just as other molecules do and will exert 
a partial gas pressure of exactly 
the same amount as would an 
equal number of molecules of any 
gas. Imagine then the lower part 
of the vessel of Fig. 120 to be filled 
with gas through which ions are 
distributed and imagine that these 
ions are slowly diffusing upward. 
Let »' be the ionic concentration, 
i.e., the number of ions per cubic 
centimeter at any distance x from 
the bottom of the vessel. Then 
the number N of ions which pass 
per second through i sq. cm. taken perpendicular to x at 
a distance x from the bottom must be directly proper- 

tional to the concentration gradient and the factor 

of proportionality in a given gas is by definition the 
diffusion coefficient D of the ions through this gas, i.e., 



But since N is also equal to the product of the average 
velocity V with which the ions are streaming upward at 

60s 




16 ^' 


THE ELECTRON 


* by me number of ions per cubic centimeter at x, i.e., 
since N=n'V, ve have from equation (42) 

^ n' dx' 

The force which is acting on these w'-ions to cause this 
upward motion is the difference in the partial pressure 
of the ions at the top and bottom of a centimeter cube at 

the point x. It is, therefore, equal to ^ djmes, and the 

ratio between the force acting and the velocity produced 
by it is 

iP 

dx 
n' dx 

Now this ratio must be independent of the particular 
type of force which is causing the motion. Imagine then 
the same »'-ions set in motion, not by the process of 
diffusion, but by an electric field of strength P. The 
total force acting on the »'-ions would then be Fenf, 
and if we take » as the velocity produced, then the 
ratio between the force acting and the velocity pro- 
Fen' 

duced will now be By virtue then of the fact 

that this ratio is constant, whatever kind of force it 
be which is causing the motion, we have 


dp 

Fen^ dx 



(43) 
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Now if Vo denote the velodty in unit field, a quantity 

which is technically called the ionic mobility,’’ ^ = Ho. 

Again since the partial pressure p is proportional to w', 

i.e., since p^Kn\ it follows that Hence 

p n 

equation (43) reduces to 


or 


m' I 
Vo ~D 

P 

tF.= De~ 

P 


(44) 


But if we assume that, so far as all pressure relations 
are concerned, the ions act like uncharged molecules 
(this was perhaps an uncertain assumption at the time, 
though it has since been shown to be correct), we have 
n' n 

p' 


'-p in which n is the number of molecules per cubic 


centimeter in the air and P is the pressure produced by 
them, i-e,, P is atmospheric pressure. We have then 
from equation (44) 




PqP 

D 


(45) 
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TOWNSEND’S FIRST ATTEMPT AT A DETER- 
MINATION OF e 

Figure 12 1 shows the arrangement of apparatus used 
The oxygen rising from the electrode E is first bubbled 
through potassium iodide in to remove ozone, then 
through water in B to enable the ions to form a cloud. 
This cloud-laden air then passes through a channel in an 
electrical insulator — a. paraffin block P — ^into the tubes 



Fig, 121 


c, d, e, which contain concentrated sulphuric acid. These 
drying tubes remove all the moisture from the air and 
also such part of the charge as is held on ions which in 
the process of bubbling through c, d, e have actually 
touched the sulphuric acid. The dry air containing the 
rest of the charge passes out through a chaimel in the 
par^ block P' into the flask D. (If the gas being 
studied was lighter than air, e.g., hydrogen, D was of 
course mverted.) The outside of Z) is covered with tin 
foil which is connected to one of the three mercury cups 
held by the paraffln block P". If the air in D contained 

608 
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at first no charge, then an electrical charge exactly 
equal to the quantity of electricity which enters the flask 
D will appear by induction on the tin-foil coating which 
covers this flask and this quantity g, can be measured by 
connecting the mercury cup 2 to cup 3 which is connected 
to the quadrant electrometer Q, and observing the deflec- 
tion per minute. Precisely similarly the total quantity 
of electricity which is left per minute in the drying tubes 
c, d, e is exactly equal to the quantity which appears by 
induction on the outer walls of the hollow metal vessel G, 
which surrounds the tubes c, d, e. This quantity g* can 
be measured by connecting mercury cup i to cup 3 and 
observing the deflection per minute of the quadrant 
electrometer. The number of cubic centimeters of gas 
which pass through the apparatus per minute is easily 
found from the number of amperes of current which are 
used in the electrolysis apparatus E and the electro- 
chemical equivalent of the gas. By dividing the quan- 
tities of electricity appearing per minute in D and G by 
the number of cubic centimeters of gas generated per 
minute we obtain the total charge per cubic centimeter 
carried by the cloud. 

The increase in weight of the drying tubes c, d, e per 
cubic centimeter of gas passing, minus the weight per 
cubic centimeter of saturated water vapor, gives the 
weight of the cloud per cubic centimeter. This completes 
the measurements involved in (2) and (3), p.47. 

As to (4), p. 48, the average size of the droplets 
of water Townsend foimd by passing the doud emerging 
from B into a flask and observing how long it took for 
the top of the doud to settle a measured number of 
centimeters. The mdius of the drops could then be 
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Stained from a purely theoretical investigation made 
by Sir George Stokes,* according to which the velocity », 
of fall of a spherical droplet through a gas whose co- 
efficient of viscosity was is given by 




9 V 


in which <r is the drasity of the droplet. From this 
Townsend got the average radius a of the droplets and 
computed their average weight tn by the familiar formula 

m=^a^a. He was then ready to proceed as in (5), 
3 

seep. .48. 

' Lamb, Hydrodynamics. 1895, P* 533* 



APPENDIX C 

THE BROWNIAN-MOVEMENT EQUATION 

A very simple derivation of this equation of Einstein 
has been given by Langevin of Paris* essentially as 
follows: From the kinetic theory of gases we have 
PV — RT in which c* is the average of the squares 
of the velocities of the molecules, N the number of 
molecules in a gram molecule, and m the mass of each. 
Hence the mean kinetic energy of agitation E of each 

molecule is given by . 

Since in observations on Brownian movements we 
record only motions along one axis, we shall divide the 
total energy of agitation into three parts, each part 
corresponding to motion along one of the three axes, 

dx 

and, placing the velocity along the «-axis equal to , 
we have 



Every Brownian particle is then moving about, according 
to Einstein’s assumption, with a mean energy of motion 

RT 

along each axis equal to . This motion is due to 


molecular bombardment, and m order to write an 
equation for the motion at any instant of a particle 
subjected to such forces we need only to know (i) the 


> Cmpte Rmdta, CXLVI (1908). 530. 
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value X of the ^-component of all the blows struck by 
the molecules at that instant, and (2) the resistance 
offered by the medium to the motion of the particle 
through it. This last quantity we have set equal to Kv 
and have found that in the case of the motion of oil 


droplets through a gas K has the value bmja 



We may then write the equation of motion of the particle 
at any instant under molecular bombardment in the form 




(47) 


Since in the Brownian movements we are interested only 
in the absolute values of displacements without regard 
to their sign, it is desirable to change the form of this 


equation so as to involve ** and 



This can be done 


by multiplying through by x. We thus obtain, after 
substituting for x-^ its value S“^r~ , 


md‘(x!‘) /dxY_ 


Xx.. 


(48) 


Langevin n9w considers the mean result arising from 
applying this equation at a given instant to a large 
number of different particles all just alike. 

Writing then s for in which j? denote the mean 

of all the large number of different values of #*, he gets 
RT /dxV 

after substituting for , and remembering that 
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in taking the mean, since the X in the last term is as 
likely to be positive as negative and hence that Xx=o, 

^ 

idt N~ i ’ 


Separating the variables this becomes 



which yields upon integration between the limits o and t 


s= 


2 RT 

NK' 


K 

-Ce~" 


(49) 


For any interval of time t long enough to measure this 
takes iJie value of the £ixst term. For when Brownian 
movements are at all observable, a is io“^ cm. or less, 
and since K is roughly equal to 6in;a we see that, 
taking the density of the particle equal to unity, 

OT -I0-. 

K 6ir.oooi8Xio“'* 


Hence when t is taken greater than about io“* seconds, 

(■ ** rapidly approaches zero, so that for any measurable 
lime intervals 

2/?r 
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and, letting Anc* represent the change in rr* in the time r 




2RT 

Wk^ 


(50) 


This equation means that if we could observe a large 
number n of exactly similar particles through a time t, 
square the displacement which each undergoes along 
the x-sixis in that time, and average all these squared 

2 RT 

displacements, we should get the quantity But 

we must obviously obtain the same result if we 
observe the same identical particle through 7z-intervals 
each of length r and average these ^-displacements. Tht* 
latter procedure is evidently the more reliable, siiu't^ 
the former must assume the exact identity of the 
particles. 



APPENDIX D 


TOE INERTIA OR MASS OF AN ELECTRICAL CHARGE 
ON A SPHERE OF RADIUS a 


If Fig. 122 represents a magnet of pole area A, whose 
two poles are d cm. apart, and have a total magnetization 
M, a density of magnetization <t, and a field strength 
between them of E, then the work necessary to carry a 
unit pole from M to M' is Ed, and the work necessary 
to create the poles M and M’, i.e., to carry 
I j M units of magnetism across against a 


M 

mificrii 

M 


a 


^ ^.E. EMd 

mean field strength — is — . 


Hence 


the total energy JS, of the magnetic field 
is given by 

„ _HMd_HA<rd 
- — , 


I'lVl. Iw!2 


but since E=4ir<T 

„ E^Ad 


or since Ad is the volume of the field the energy E per 
unit volume of the magnetic field is given by 


£= 


E’ 

8t' 


• (si) 


Now the strength of the magnetic field at a distance r 

ev 

from a moving charge in the plane of the charge is -p„ 

if c is the charge and v its speed. Also the magnetic field 
strength at a point distant r 9 from the charge, 6 being 

6 is 
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the angle between r and the direction of motion, is 
given by 



Hence the total energy of the magnetic field created by 
the moving charge is 

in which t is an element of volume and the integration 
is extended over all space. But in terms of », and 

dr=rdB, dr, r sin 6d<l> 

Total energy= 

Since kinetic energy =\inv‘, the mass-equivalent m of 
the moving charge is given by setting 




»»== — 


3 <* 
2 e* 


(s») 


The radius of the spherical charge which would have a 
mass equal to the observed mass of the negative electron 
is found by inserting in the last equation t; * 4 ■ X lo’" 
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electrostatic units® 1.591X10"” electromagnetic units 

e 

and = 1.757X10'^ electromagnetic units. This gives 
1 .9X10““*^ cm. 

The expression just obtained for m obviously holds 
only so long as the magnetic field is symmetrically 
distributed about the moving charge, as assumed in the 
integration, that is, so long as » is small compared with 
the velocity of light. When v exceeds . i the speed of 
light c, the mass of the charge begins to increase measur- 
ably and becomes infinite at the speed of light. According 
to the theory developed by Lorentz, if the mass for slow 
speeds is called irt^ and the mass at any speed v is called 
m, then 



This was the formula which Bucherer found to hold 
accurately for the masses of negative electrons whose 
speeds ranged from .3 to .8 that of light. 
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MOLECULAR CROSS-SECTION AND MEAN 
FREE PATH 

If there is one single molecule at rest in a cubical 
space I cm. on a side, the chance that another molecule 
which is shot through the cube will impinge upon tlic 

one contained is clearly — in which d is the mean 

diameter of the two molecules. If there are n contained 
molecules the chance is multiplied by «, that is, it 
fiTd^ 

becomes — But on the average the chance of an im- 
pact in going a centimeter is the number of impacts 
actually made in traversing this distance. The mean 
free path / is the distance traversed divided by the num- 
ber of impacts made in going that distance. Hence 




I 

nird* 


(54 1 


This would be the correct expression for the mean free 
path of a molecule which is moving through a group of 
molecules at rest. If, however, the molecules are all in 
motion they will sometimes move into a collision which 
would otherwise be avoided, so that the collisions will hi* 
more numerous when the molecules are in motion than 
when at rest— how much more numerous will dejieml 
upon the law of distribution of the speeds of the mole- 
cules. It is through a consideration of the Maxwell 

6r8 
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distribution law that the factor 2 is introduced into 
the denominator (see Jeans, Dynamical Theory of Gases) 
so that equation (54) becomes 

I 




2nvd^ 


( 55 ) 



APPENDIX F 


NUMBER OF FREE POSITIVE ELECTRONS IN THE 
NUCLEUS OF AN ATOM BY RUTHERFORD’S 
METHOD 

If N represents the number of free positive electrons 
in the nucleus, e the electronic charge, E the known 
charge on the a-particle, namely ae, and \niV* the 
known kinetic energy of the a-particle, then, since the 
inertias of the negative electrons are quite negligible in 
comparison with that of the a-particle, if the latter 
suffers an appreciable change in direction in passing 
through an atom it will be due to the action of the 
nuclear charge. If I represents the closest possibh* 
approach of the a-particle to the center of the nucleus, 
namely, that occurring when the collision is “head on,” 
and the a-particle is thrown straight back upon its 
course, then the original kinetic energy imV* must equal 
the work done against the electric held in approaching 
to the distance b, i.e.. 


1 Tr« , 

= (50) 

Suppose, however, that the collision is not “ head on," 
but that the original direction of the a-particle is such 
that, if its direction were maintained, its nearest distance 

of approach to the nucleus would be p (Fig. The 

deflection of the a-particle will now be, not i8o“, as 
before, but some other angle It follows simply front 

620 
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the geometrical properties of the h 3 T)erbola and the 
elementary principles of mechanics that 



For let PAP' represent the path of the particle and let 
POA = 9. Also let V = velocity of the particle on entering 
the atom and v its velocity at A . Then from the con- 
servation of angular momentum 


pV^SA • » 


(58) 
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and from conservation of energy 

1 rr, 1 , . 

••• *•”' 

Since the eccentricity €=sec^, and for any conic the focal 
distance is the eccentricity times one-half the major 
axis, i.e., SO^OA • e, it follows that 

5-4 =50-l-0i4 =5'0^i-f CSC d(i4-cos 6 )—pco\.-^. 

But from equations ($8) and (59) 

fi‘—SA{.SA—b)=‘pcoi-^ {^p cot^— 

b= 2 pcot 6 (60) 

and since the angle of deviation (p is v—3d, it follows 
that 

cot|=^ 

Now it is evident from the method used in Appen- 
dix E that if there are » atoms per cubic centimeter 
of a metal foil of thickness t, and if each atom has a 
radius R, then the probability M that a particle of size 
small in comparison with R will pass through one of 
these atoms in shooting through the foil is given by 


M’=*S?ni. 
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Similarly the probability m that it will pass within a 
distance p of the center of an atom is 


If this probability is small in comparison with unity, it 
represents the fraction p of any given number of particles 
shooting through the foil which will actually come within 
a distance ^ of the nucleus of an atom of the foil. 

The fraction of the total number which will strike 
within radii p and p-\-dp is given by differentiation as 


dm=2vpnl' dp 
but from equation (57) 

dp= — h^csc^ 

dm= --ntlf col- csc‘-d<i>. 

4 22 

Therefore the fraction p which is deflected between the 
angles 4 >x and d>» is given by integration as 

P SB -nt¥ { cot’ — — col’ 

It was this fraction of a given number of a-particles 
shot into the foil which Geiger and Marsden found by 
direct count by the scintillation method to be deflected 
through the angles included between any assigned limits 
1^, and 4>x. Since » and t are known, b could be at once 
obtained. It was found to vary with the nature of the 
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atom, being larger for the heavy atoms than for the 
lighter ones, and having a value for gold of 3 . 4X cm . 

This is then an upper limit for the size of the nucleus of 
the gold atom. 

As soon as b has thus been found for any atom, 
equation (56) can be solved for iV*, since c, ami 
are all known. It is thus that the number of free positivi* 
electrons in the nucleus is found to be roughly half the 
atomic weight of the atom, and that the size of the 
nucleus is found to be very minute in comparison with 
the size of the atom. 



APPENDIX G 


BOHR’S THEORE'l'ICAL DERIVATION OF THE VALUE 
OF THE RYDBERG CONSTANT 


T'he Newtonian equation of a circular orbit of an 
electron e rotating about a central attracting charge £, 
at a distance a, with a rotational frequency n, is 


eE 

a* 




(62) 


The kinetic energy of the electron is \m{2Trnd)*= 



The work required to move the electron from its orbit 

eE , f .. ,eE 

to a position at rest at mlimty is 

If we denote this quantity of energy by T, it is seen at 
once that 


and 


aa» 


T 


TTf.E^m 



(63) 


If we combine this with (37), p. 213. there results at once 

UlMin change in orbit the ra<liate<l energy must be 
^ i\ 
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and, if we place this equal to hv, there results the Babner 
formula (34), p. 210, 



in which 


Since for hydrogen £=e, we have 




2Tr’‘me* 

A* 


-ind from (64) 


a 


4ir'»je’ * 



APPENDIX H 


A. ir. COMPTON’S THEORETICAL DERIVATION OF THE 
CHANGE IN THE WAVE-LENGTH OF ETHER- 
WAVES BECAUSE OF SCATTERING BY 
FREE ELECTRONS 

hnagint'. as hi Fig. 124A, that an X-ray quantum of 
frwiuoiu'v i’„ is scattered by an electron of mass m. The 
niunientum cf the incident ray will be /zt'o/c, where c is 
the velocity of light and h is Planck’s constant, and that 



of the scattered ray is hv^/c at an angle 6 with the 
iniUid momentum. The principle of the conservation of 
momentum accortlingly demands that the momentum 
of recoil of the scattering electron shall equal the vector 
difference between the momenta of these two rays, as in 


6a7 
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Fig. 1 24.B. The momentum of the electron, mfic/V’ i — d‘ 
is thus given by the relation 

where jS is the ratio of the velocity of recoil of the electron 
to the velocity of light. But the energy hvt in the scat- 
tered quantum is equal to that of the incident quantum 
kpo less the kinetic energy of recoil of the scattering 
electron, Le., 

hvt—hvt—nu^i ' — I . (W)) 

We thus have two independent equations containing 
the two unknown quantities jS and »'». On solving the 


equations we find 

es—VoAi+aa sin* 1 $), (67I 

where 

o.=‘hvJmt?’^hlindKa ( 68 ) 

or, in terms of wave-length instead of frequency, 

X«=Xo+(2V»»c) sin* (69 > 

Substituting the accepted values of h, m, and c, 

Xi— X«“AX«=»o. 0484 sin* §9 (70) 
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THE ELEMENTS, THEIR ATOMIC NUMBERS, ATOMIC 
WEIGHTS, AND CHEMICAL POSITIONS 

iH 

t.ooS 


0 

I 

n 

ni 

IV 

V 

VI 

VII 

VIII 

a He 
^ 99 ’ 

3 Li 

6 04 

4 Be 

m 

OC 

12.00 

iQif 
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80 

16.00 

9 F 
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to Ne 1 
1 toa t 
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25 00 
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24 52 

15 A 1 

27 X 

xaSi 

28.3 
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31.04 

16 s 

3a 06 

17 Cl 
35 48 
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10 K 

ao Ca 
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22 Ti 
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23 V 
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24 Cr 
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2S Mn 
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26 Fe 27 Co 28 Ni 
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1 ....... 
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72 s 
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34 Se 
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35 Br 
79 92 


jO Kr 
Sa 03 

V 
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58 Sr 
87 65 


40 Zr 
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4 X Nb 
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43 Mo 
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43 Ma 

44 Ru 45 Rh 46 Pd 
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. . 1 1 1 1 1 

nn 

48 Cd 
112 40 

56 U 
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79 Au 
*07 » 
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8a Pb 
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80 Km 
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|g 


Q 

H 
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47 Silver 
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SO Tin 
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APPENDIX J 

The following are the most important physical con- 
stants, the values of a number of which it has become 
possible to fix, within about the limits indicated, through 
the isolation and measurement of the electron and the 
measurement of the Avogadro number, No. 

e The electron e= (4.803 ± 0.005) Xio““ e-s.u. 

N(, The Avogadro constant . 11^0= (6.023 ± 0.003) Xio*’ mole"' 

c Speed of light <; = 2.99774+0.00010 cm. see.”' 

h Planck’s element of action A= (6.624+0.006) Xio"^^ erg. sec. 

— Specific electronic charge 

-= (i.7592±o.ooi 5) X lo^ abs. e.m.u.g.“" 
in 

— Ratio of masses of neutral H atom and electron . — = 1.837 

F The Faraday F= 9,648.9 e.m.u. mole'^ 

h 

— The photoelectric ratio: 

“=(1-3786 ±o.ocx)8)Xio“*7 e.s.u. erg. sec.“* 

no Number of gas molecules per cc. at o® C. 76 cm.: 

Wo= 2.737 ± 0.002 X 10^9 

k Boltzmann constant: 

(Ro 8.315X107 \ , , „ . 

\Fo= 6.023 X lo^J ) = ("-381 ± o-ooi) X erg. deg.- 

Ml Mass of atom of unit atomic weight: 

Wo= (1.6604+ 0.0006) Xio“®4 gram 
Mk Mass of an atom of hydrogen in grams: 

m=(i.6748± 0.007) Xio “=*4 gram 

C2 Wien constant of spectral radiation ^3= 1.432 ±0.0030 

<r Stefan-Boltzmann constant of total radiation: 

«^=(5-6728±o.oo37)Xio”S erg. cm."* 

d Grating spacing in calcite ^=3.0290+ 0.001 A 

R«> Rydberg wave number R^= 109,73 7.30 ± 0.017 orar^ 

* Raymond T. Birge, Phys. Rev., LX (1941), 785. 
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isolation of, 67; mobility of, 35, 
36 f., 39, 262; positive and nega- 
tive, 38, 48; univalent, in 
electrolysis, 34, 39 
Ionic charge, 29, 39, 45, 47, 176; 

elementary, 76; mobility, 264 
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